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Studies with several species have shown that dietary restriction of thia- 
mine results in the fall of tissue cocarboxylase levels and impairment. of 
pyruvate metabolism. Although it appears that cardiac muscle is pecu- 
liarly sensitive to deprivation of thiamine (1-3), the degree to which pyru- 
vate utilization in this tissue is impaired in thiamine deficiency has not been 
ascertained. Sherman and Elvehjem (4) showed that minced heart tissue 
from polyneuritic chicks gave a decreased oxygen uptake in lactic acid anda 
decreased rate of lactate removal when compared with controls. Sure and 
DeWitt (5) observed a similar decrease in the oxygen consumption of 
minced heart tissue from thiamine-deficient rats in lactate. Muus, Weiss, 
and Hastings (6) noted that, while the oxygen uptake of ventricular tissue 
from thiamine-deficient rat heart showed no change from normal in a glu- 
cose medium, there was a sharp drop in the oxygen consumption of auricular 
tissue from deficient rats. 

Although Peters and his associates were able to restore the depressed 
respiration of brain mince from polyneuritic pigeons in a lactate or pyruvate 
medium by addition of the vitamin tn vitro (7, 8), Thompson (9) was un- 
able to obtain the same effects with the addition in vitro of thiamine to 
vitamin-deficient heart muscle suspensions. 

The object of the present study was to observe the effects of thiamine 
deficiency upon the metabolism of cardiac tissue, both ventricle and auricle, 
from rats and ducks. The duck is a fast growing bird particularly suited 
for these studies because it grows well on a purified diet and requires a 
relatively short period to develop typical signs of paprmen, com upon with- 
drawal of a given member of the vitamin B complex (10). \ The plan of the 
study was to compare the rates of oxygen consumption, pyruvate disap- 
pearance, and lactate formation in cardiac muscle slices from deficient and 
eontrol animals and birds, to determine the effect of thiamine added in 
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vitro to deficient tissues, and to correlate, if possible, the thiamine content 
of ventricle with its pyruvate utilization. 


EX PERIMENTAL 


Albino rats and white Pekin ducklings were used in these experiments, 

Male rats weighing about 100 gm. were divided into control and experi- 
mental groups, placed in individual cages, and fed the following diet with 
and without added thiamine: casein 18 per cent, dextrose 72.6 per cent, 
salts (11) 4 per cent, corn oil 3 per cent, cod liver oil 2 per cent, cystine 0.2 
per cent, choline chloride 0.2 per cent. Crystalline vitamins were added 
in the following quantities per 100 gm. of diet: riboflavin 600 y, pyridoxine 
400 y, calcium pantothenate 1.6 mg., niacin 2.0 mg., p-aminobenzoic acid 
10 mg., inositol 20 mg., and biotin 10 y. Thiamine was added to the con- 
trol diet at a level of 400 y per 100 gm. of diet and both groups were fed 
ad libitum. Newly hatched ducklings were placed in heated, raised bottom 
cages and fed a commercial mash diet for 7 days, at which time they aver- 
aged 150 gm. in weight. They were then divided into control and experi- 
mental groups and fed the following diet with and without added thiamine: 
casein 18 per cent, gelatin 10 per cent, Cellu flour 3 per cent, dextrose 50 per 
cent, corn oil 10.2 per cent, cod liver oil 2.0 per cent, salts (11) 5 per cent, 
CaHPO, 1.0 per cent, choline chloride 0.3 per cent, a-tocopherol in corn oil 
(10 mg. per ml.) 0.5 per cent. Crystalline vitamins were added in the fol- 
lowing quantities per 100 gm. of ration: riboflavin 800 y, pyridoxine 400 y, 
calcium pantothenate 2.0 mg., niacin 4.0 mg., biotin 20 y, folic acid 190 y, 
and 2-methyl-1,4-naphthoquinone 100 y. Thiamine was added to the 
control diets at a level of 400 y per 100 gm. of diet. In order to evaluate 
the effect of inanition, the control ducks were divided into three groups. 
One control group was pair-fed with the deficient birds, another group fed 
ad libitum, and a third group fed ad libitum through the period required for 
opisthotonos to develop in the deficient group and then fasted 48 hours. 
The pair-fed series was injected intraperitoneally with 150 y of thiamine 
daily when the food consumption dropped below 20 gm. per day. Daily 
food consumption and growth records were kept on all birds. 

The direct method of Warburg was used for the determination of oxygen 
consumption. The procedure for the preparation of the rat tissue slices 
and the composition of the medium used in the rat experiments have been 
described by Pearson, Hastings, and Bunting. The methods used in the 
duck experiments were similar except that the medium contained 20 
ma per liter of phosphate instead of 7.5 mM per liter and contained no cal- 
cium. The period of measurement of oxygen consumption in the duck 


1 Pearson, O. H., Hastings, A. B., and Bunting, H., in preparation. 
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expcriments was 1 hour; in the rat experiments it ranged from 80 to 100 
minutes. ‘The gas phase in all experiments was oxygen. 

Sodium pyruvate was prepared from freshly distilled pyruvic acid by 
neutralization with NaHCO; to pH 6.5 and crystallization from ethanol. 
The final concentration of pyruvate in the flask in all experiments was 5 
ma per liter. In the rat experiments the pyruvate was present at the time 
of addition of the tissue; in the duck experiments it was added from the 
side arm at the time of the first manometric reading (zero time). When 
glucose was used as a substrate, it was initially present at a level of 0.2 per 
cent. Instudies on the effect of thiamine, the vitamin was initially present 
in the medium at a concentration of 50 y per ml. Tissue reactions were 
stopped at the end of the period of incubation by addition of 0.2 ml. of 100 
per cent trichloroacetic acid per flask. 

Pyruvate was determined by the direct method of Friedemann and Hau- 
gen (12) on the trichloroacetic acid filtrate and the rate of pyruvate disap- 
pearance expressed in terms of —Qpyruvate (microliters of pyruvic acid dis- 
appearing per mg. of dry weight of tissue per hour). A determination of 
the total hydrazones from vessels containing slices of ventricle which had 
been incubated for 1 hour without added substrate indicated that the 
amount of keto acids formed in the absence of added pyruvate is very small 
(of the order of 0.2 mM per flask) and would not introduce an appreciable 
error in the caleulation of pyruvate disappearance from the total hydrazones 
obtained before and after incubation of heart slices in a medium containing 
5 mM per liter of pyruvate originally. Lactate was determined by the 
method of Barker and Summerson (13) on the same trichloroacetic acid 
filtrate and the rate of lactate formation expressed in terms Of Qhctate 
(microliters of lactic acid formed per mg. of dry weight of tissue per hour). 
The latter values were calculated on the assumption that the lactate found 
at the end of the run had been formed during the period from the time of 
addition of the tissue to the flask at the beginning of the experiment until 
the time of addition of trichloroacetic acid at the end. 

lor the determination of the thiamine content of duck ventricle, slices 
were prepared as for the respiration studies and ground in a Potter homog- 
enizer with 9 volumes of water, boiled, frozen, and finally analyzed for 
thiamine by the thiochrome method of Wang and Harris (14) after hydrol- 
ysis with taka-diastase at pH 4.5. 


Results 


Calculation of Net Pyruvate Utilization—Since it was evident in the early 
experiments of this study that the amount of oxygen required to burn to 
completion the pyruvate disappearing from flasks containing normal heart 
ventricle slices with added pyruvate was greater than the total oxygen con- 
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sumption of the slices in the period of measurement, it appeared that pyru- 
vate was being converted to products other than carbon dioxide and water. 
Analysis for lactate showed that a certain increment of this pyruvate dis- 
appearance (about 10 to 20 per cent) could be accounted for by reduction to 
lactate. An attempt, therefore, was made to correct the total pyruvate 
disappearance for the fraction reduced to lactate. This corrected value has 
been called the net —Qpyruvate and is calculated in the following manner. 
The value for Ohactate obtained in the absence ot added substrate for is 
given ventricle is subtracted trom the value of Qictre Obtained in the 
presence of added pyruvate to obtain an approximation of the increment of 
pyruvate converted to lactate per mg. of dry tissue per hour. This quan- 
tity is then subtracted from the total —Qpprucor5 to obtain the net 
—Qpyruvate OY the microliters of pyruvate converted to non-lactate prod- 
ucts per mg. of dry tissue per hour. It is assumed in these calculations 
that the whole difference in lactate accumulation in the flasks to which no 
substrate was added and those to which 5 mM per liter of pyruvate were 
added represents the amount of pyruvate which was reduced to lactate 
during the incubation. Other experiments, however, have indicated that 
the amount of pyruvate reduced to lactate is actually less than this because 
of the gradual oxidation of lactate in vessels to which no substrate was 
added. In the vessels with added pyruvate no such oxidation occurs. 
This would tend to diminish somewhat the differences between total pyru- 
vate disappearance and net pyruvate disappearance and, if anything, in- 
Crease the significance ot the differences observed het Weel control and de 
ficient animals. Quantitative data on the pvruvate-lactate relationship in 
tissue slices from heart as a function of time it] he submitted separate 
communication. 

Experiments with Rats —Mean vyrowth curves for detieient and control 
rats are shown in Fig. 1. During the first period of growth decline the 
deficient rats did not show typical neurological signs. They were then in 
jected subcutaneously with 50 y of thiamine per rat and this resulted in 
marked improvement and gain in weight which lasted for a few days. In 
the subsequent 30 day period the animals again lost weight and appetite 
and this time showed the typical signs of polyneuritis. The deficient ani 
mals were taken for respiration studies during this second period of defi 
ciency and the control animals were used the following week. Table | 
presents a surnmary of the data on oxvgen consumption, lactate formation. 
and pyruvate disappearance. These data show that, while the OXVEeNn Con- 
sumption of thiamine-deficient rat heart ventricle is higher than normal! 
without added substrate, it is slightly, though not significantly, lower in the 
presence of added pyruvate. Both the total and net pyruvate disappear- 
ance, however, are decreased in deficient ventricle. The range of values for 
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—Q pyruvate found in the seven deficient rats was from 2.55 to 6.50 with a 
mean of 5.49 + 0.45. In the norma! controls fed ad lititum the range was 
from 5.34 to 8 20 with a mean of 7.11 + 0.50. The accumulation of lactate 
Was greater in the slices from deficient rats than in the controls, both in the 
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kia l. Growth curves for Lhiamine-celicient and control rats and ducks. Left, 
the mean growth of thiamine-ci ent rats (@) and normal controls fed ad libitum 


(®@) is plotted against the tu in days. Right, the mean growth of thiamine- 
deficient ducks (@), pair-fed normal controls normal controls fed ad libitum 
(0). and normal controls fed ad ful then fasted from the 10th to 12th days 


(A), are plotted against the time in adavs food intake In gm. per day for the ducks 
18 also indicated at the bottom for the thiamine-cdelicient and tor control eroups pair- 


fed and fed ad lihitun 


presence and absence of added pyruvate, although it is doubtful that the 
difference is significant in the prescnee of added pvruvate. The accumula- 


tion of lactate in the blood of thinmine-deficient rats has been emphasized 
by Birch and Harris (2). 


The Qo, values obtained with auricles and ventricles from deficient and 
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normal rats incubated with added glucose (11.1 mM per liter) are shown in 
Table II. The finding of a decrease in the Qo, of auricle from thiamine- 
deficient rats is in support of the observations of Muus, Weiss, and Hast- 
ings (6). The effect of added pyruvate upon the respiration of auricles 
from normal and thiamine-deficient rats was found, in a few experiments, 


Effect of Thiamine Deficiency uvon Or igen Consumption, Pyruvate Disanpearan 
and Lactati Formation in Heart Veuntricle S! from Rats 
| 
O 
rats diet weight substrate substrate Smu per Sm por pyruvate 
liter cr 
| em. 
Deficient 7 50 | 98 8S 1.30 12.86 144 5 49 69 
| +0.52* +0.22 +O G5 OF 45 Ooo 
Control | 5 55 | 260 7.40 0.62 14.58 2.04 roe 1.63 
| 240.10 +1.21 tO 433 1) 


* Deviation is expressed as the standard deviation of the mean (standard error 


Il 
Effect of Thiamine Deficit upon (ir hen Consumption of Slices of niriel snd 
A uricls from Rats and 


Auricl Ve Ra 
Species Group | 
11.1 ma pes fit it 
Duck 5 Thiamine-deficient (.14 + 0.24° 7.45 
S Pair-fed controls 5. + 10 0.9 
5 Controls fed ad libitum 8.90 + 0.27 | 7.91 042 OON9 
then fasted 
Rat | Thiamine-deficient 9.52 + 0.32 11.32 + U.S5 | 
” | 3 Controls fed ed libitum 14.46 += 2.23 10.27 + 0.72 1.4! 


* Deviation is expressed as the standard deviation of the mean (standard error 


to parallel the findings in ventricle. The addition of thiamine in vitro 
to deficient ventricle in a single experiment give an increase in pyruvate 
disappearance. 

Experiments with Ducks—The mean growth curves for the deficient and 
control groups of ducks are shown in Fig. 1. Loss of weight began in the 
ducks after 4 days on the deficient diet and acute opisthotonos occurred in 
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from 7 to 12days. Birds were taken for respiration studies within 12 hours 
of their first seizure. When possible, an experiment on a pair-fed control 
duck was run the same day. The control series fed ad libitum was run 
during the following week. Table III] summarizes the data obtained on 
oxygen consumption, lactate production, and pyruvate utilization with 
slices of ventricle from deficient and control birds. In contrast to the 
findings with rats there was no difference in the rate of oxygen consumption 
by ventricle slices from deficient and control ducks in the absence of added 
substrate. In the presence of added pyruvate, however, the ventricle of 
deficient ducks showed a significantly smaller Qo, than did that of the con- 


Tarve Ill 

Effect of Thiamine Deficiency and in Vitro Addition of Thiaming upon the Oxygen 
Consumption, Pyruvate Disappearance, and Lactate Formation in Heart Ventricle 
Slices from Ducks 


| 
Mea netate, | | | 2 
< Mean ho pyruvate, pyruvate, >, 
et Weight substrate cobctrate >) per MM per, 
liter liter | ORE ~ 
cre 
Deficient 9 165 7.88 1.39 8.41 | 4.28 | 4.79 3.95 
0.24* +90.19 +0.25 +0.17 29 
thin 165 9.47 2.34 | 5.46 4.53 
mine in vitro £0.17 (£0.20 40.33 |+0.32 
Pair-fed controls 10 7.05 1.04 9.75 2.15 | 6.04 4.93 
+0.10 +0.32 |+0.10 +0.23 |40.24 
Controls fed ad 1! liad 4.00 10.17 1.71 |} 6.21 5.33 
t0.20 40.10 +0.352 +0.19 -+0.18 |+0.20 


Controls fed ad S04 1.82 9 99 3.10 5.89 | 4.52 
35 +0.22 40.22 +0.20 |+0.27 


* Deviation is ¢ Y press fas the standard deviation of the mean (standard error). 


trol group; in fact, the Q», of heart ventricle from the deficient birds with 
added pyruvate is not significantly higher than that obtained without added 
substrate The addition of thiamine tn vitro to slices from deficient ducks 
gave a significant increase in the oxygen consumption in the presence of 
added pyruvate (Table ITD). 

The rate of pyruvate disappearance was also depressed in ventricle from 
the deficient ducks, —Qp.ruvete ranging from 1.95 to 5.57 with a mean of 
4.79 in the deficient birds compared with a range of 4.78 to 7.90 with a mean 
of 6.04 in the pair-fed controls. The —Qpyruvate in the other control 
groups did not differ significantly from 6.04. The in vitro addition of thia- 
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mine to slices from deficient ducks increased the rate of pyruvate disap- 
pearance in proportion to the increase in oxygen consumption, about 14 per 
cent. By averaging the increases in pyruvate disappearance induced by 
the addition of the vitamin over that of control slices from the same heart, a 
high degree of significance is revealed for this increase; viz., A —Qpyruvate 
0.67 + 0.14 for which ¢ = 4.71.2? 

There was no difference in the accumulation of lactate in slices of ven- 
tricle from deficient and pair-fed control ducks with or without added sub 
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Fic. 2. Relationship between net pyruvate utilization (net —Q,yrucacee) and thia- 
mine content of heart ventricle in ducks. Thiamine-deficient (@), pair-fed normal 
controls (©), normal controls fed ad libitum (®), and normal controls fed ad libitum. 
then fasted 48 hours (A). 


strate. Lactate accumulation was significantly lower with or without 
added substrate in the control ducks fed ad libitum, however, and signifi- 
cantly higher with or without pyruvate in the ducks fed ad [thitum which 
had been fasted 48 hours. In Fig. 2 it may be seen that, despite a high 
thiamine content of ventricles in this series, the net pyruvate utilization was 
depressed. These findings would suggest that the state of nutrition with 
respect to calories preceding the period of inanition and the duration of the 


24 is the significance factor of Fisher (Fisher, R. A., Statistical methods for re 
search workers, Edinburgh, 4th edition (1932)). 
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period of inanition are of greater importance in controlling lactate forma- 
tion tn vitro than adequacy with respect to thiamine. The addition of thia- 
mine tn vitro had no effect upon lactate formation or utilization in the pres- 
ence of pyruvate despite a marked effect upon oxygen consumption and 
pyruvate disappearance. 

The net —Qpyruvate Was significantly lower in the deficient ducks than in 
the pair-fed or normal controls fed ad libitum. The addition of thiamine 
in vitro increased this value as well as the total pyruvate disappearance. 
The change in net —Qpyruvete WAS 0.56 + 0.10 for which t = 5.6. 

In Fig. 2 the net —Qpyruvate Values for ventricle slices of all birds ob- 
served in these experiments have been plotted against their respective thia- 
mine contents. A good correlation between heart thiamine and pyruvate 
utilization was found for ventricles containing less than 2.5 y of thiamine 
per gm. of fresh weight, although the correlation between the severity of 
opisthotonos and either heart thiamine or pyruvate utilization was 
relatively poor. It may be seen from Fig. 2 that a small change in the con- 
tent of thiamine, 7z.c. from 1.2 to 2.6 y per gm. of fresh ventricle, resulted in a 
large increase in net —Qoyruvate, 7.€. from 2.0 to 5.6. This large range in 
the pyruvate utilization of heart slices from the deficient ducks tends to 
raise the mean net —Qpyruvate Value for this group considerably above the 
value obtained in the ‘‘most deficient” bird. It would also appear to in- 
dicate that while all of the ducks were sufficiently depleted of thiamine to 
show neurological signs not all had cardiac tissue sufficiently depleted to 
show the maximal depression of pyruvate metabolism. Increases in the 
thiamine content of duck ventricle above 2.5 y per gm. of fresh tissue had 
no further influence upon the rate of pyruvate disappearance. The curve 
in Fig. 2 has the same contour as the one shown by Stumpf, Zarudnaya, and 
Green (15) for a reconstructed pyruvic acid oxidase system with an apo- 
enzyme from pigeon breast muscle and diphosphothiamine. Swank and 
Bessey (16) were able to correlate the incidence of electrocardiogram 
changes in thiamine-deficient pigeons with the thiamine content of their 
heart muscle. The content of heart thiamine of deficient pigeons without 
electrocardiogram changes ranged from 1.9 to 2.2 y per gm. of fresh tissue, of 
deficient pigeons with definite electrocardiogram changes from 1.5 to 1.7 y 
per gm., and of deficient pigeons in cardiac failure from 1.2 to 1.4 y per gm. 
In view of our finding of a definite relationship between pyruvate catabolism 
and thiamine content in ventricle from deficient ducks it is possible that the 
electrocardiogram changes observed by Swank and Bessey (16) and earlier 
by others (17) stem from a faulty pyruvate metabolism in the conduction 
system. 

Table IV shows a tabulation of the range and the mean of the thiamine 
content per gm. of fresh weight of duck ventricle for the deficient and con- 
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trol groups. The normal values are somewhat higher than those reported 
by Ochoa and Peters (18) and by Swank and Bessey (16) for normal pigeon 
heart, but nearly identical with the values reported by Mitchell and Isbell 
(19) for normal rat heart. The mean of the deficient group is significantly 
below that of any control group. 

A comparison of the rates of oxygen consumption by auricle and ven- 
tricle slices from deficient and control groups of rats and ducks in phosphate- 
saline containing 0.2 per cent glucose is presented in Table II. It may be 
seen that the auricles from thiamine-deficient ducks do not show the same 
depression in Q», shown by auricles from thiamine-deficient rats. 


TaBLe IV 


Variation in Thiamine Content of Ventricle in Thiamine-Deficient and Control Ducks 


No. of Thiamine content, y per gm. fresh ventricular slice 


| mations | Mean Range 
Pair-fed controls... | = 0.94 3 .66-9 10 
Controls fed ad libitum...... 4 ; 6.85 +1.38 | 4.74-9.41 
then fasted 4 | 6.9420.53 | 6 .44 


* Deviation is expressed as the standard deviation of the mean (standard error). 


DISCUSSION 


The results of this study indicate that the pyruvate utilization by cardiac 
muscle from rats and ducks is depressed in thiamine deficiency and that the 
addition of thiamine tn vitre tends to restore pyruvate utilization to normal. 
Analyses of deficient and normal duck heart ventricle for thiamine, fur- 
thermore, have shown that a good correlation exists between the thiamine 
content and the ability of the tissue to utilize pyruvate. Inanition com- 
parable to that sustained by the deficient ducks in pair-fed normal controls 
was shown not to influence significantly the rate of pyruvate utilization. 

The failure to find any difference in the rate of oxygen consumption by 
heart ventricle from normal and thiamine-deficient ducklings without added 
substrate is in agreement with the experiments of others on tissues from 
polyneuritic birds (20, 21). A significant increase in the oxygen consump- 
tion of heart ventricle from thiamine-deficient rats over that of controls, 
however, was observed. The finding that the addition of thiamine zn vitro 
vill stimulate the respiration of deficient ventricle slices, the so called “‘cata- 
torulin effect” first shown by Peters and coworkers (20) in pigeon brain, is of 
interest. Sherman and Elvehjem (4) have shown a similar effect in studies 
of minced heart suspensions from thiamine-deficient chicks incubated with 
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lactate. The relationship between pyruvate disappearance and oxygen 
consumption in the duck heart ventricle is similar to that reported 
for pigeon brain by Peters and Thompson (8) and would indicate that under 
our conditions not all of the pyruvate disappearing to non-lactate products 
is burned to CO, and H.O. In rat ventricle, however, the relationship 
appears superficially to be in better agreement with theory for quantitative 
combustion, as shown by the studies of Krebs and Eggleston (22) on pigeon 
breast muscle and those of Gibson and Long (23) on dialyzed ox heart sus- 
pensions. Actually, the oxygen consumption of rat ventricle more than 
accounts for the complete oxidation of the calculated net —Qyyruvate but 
an error in the correction for lactate formation from pyruvate discussed 
earlier would tend to raise the observed net —Qyyruvate to the theoretical 
value of Qe,/2.5. This observation of a correspondence between oxygen 
consumption and pyruvate disappearance in heart muscle slices suggests 
but does not constitute proof that only pyruvate is being oxidized under 
the conditions of our experiments. The disparity between net —Qpyruvate 
and Q.,/2.5 was exaggerated in the thiamine-deficient rats. 

Fasting of rapidly growing ducks fed ad libitum for 48 hours resulted in an 
increase in the accumulation of lactate by ventricle slices incubated with or 
without added pyruvate and a decrease in the conversion of added pyruvate 
to non-lactate products. Rosenthal (24) has reported a decreased utiliza- 
tion of pyruvate and lactate in liver slices from starved animals and Lips- 
chitz, Potter, and Elvehjem (25) have reported that liver and kidney but 
not brain homogenates from normal chicks fasted 44 to 196 hours showed a 
reduction in pyruvate removal comparable to that obtained in polyneuritic 
chicks. ‘The administration of glucose restored utilization of pyruvate to 
normal in the fasted chicks but not in the deficient ones. In our experi- 
ments fasting had no effect upon total pyruvate removal but appeared to 
influence the partition of pyruvate between lactate and non-lactate prod- 
ucts in normal ducks fasted 48 hours; there was no significant effect of 
inanition upon either total or net pyruvate disappearance in the ducks 
whose food intake had been curtailed stepwise in conformity to the intake 
of the deficient birds. It would appear, therefore, that brain and heart 
are more resistant to the effects of fasting upon pyruvate metabolism than 
are kidney and liver. 

The differences in the effect of thiamine deficiency upon the respiration 
of auricles in the duck and in the rat may possibly be related to the period 
of induction of polyneuritis in each species. In the rat the mean period 
was 7.5 weeks; in the duck it was 9 days. The finding of fibrotic lesions in 
the auricles of rats (26) and of pigs (27) after relatively long deficiency 
periods may indicate that the reduction of Qo, in the auricles of thiamine- 
deficient rats is due to a decrease in active protoplasm through fibrosis and 
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not to a biochemical lesion. ‘Lhe shortness of the deficiency period for the 
duck would preclude the development of fibrosis. 

The demonstration of a decrease in the ability of cardiac muscle to 
metabolize pyruvate in thiamine deficiency is in further support of a recent 
study by Randles et al. (28) on dogs in which it was found that hearts from 
thiamine-deficient dogs removed less pyruvate from the blood zn vivo than 
did hearts from norma! controls. 


SUMMARY 


1. ‘The oxygen consumption of heart ventricle slices without added sub- 
strate is not affected by thiamine deficiency in ducks but is increased by 
thiamine deficiency in rats. 

2. The oxygen consumption of heart ventricle slices with added pyruvate 
(5 mM per liter) is decreased by thiamine deficiency in ducks but is un- 
affected by thiamine deficiency in rats. 

3. The rate of pyruvate disappearance in heart ventricle and the rate of 
its conversion to non-lactate products are decreased by thiamine deficiency 
in both species. 

4. The addition of thiamine in vitro to heart ventricle slices trom deticient 
ducks increases both the oxygen consumption and the pyruvate dis- 
appearance. 

5. The rate of pyruvate utilization in duck ventricle increases with the 
thiamine content up to a level of 2.5 y per gm. of fresh ventricle. Further 
increases in thiamine content have no further effect upon pyruvate utiliza 
tion. 

6. A COMparison of the rates of lactate accumulation with and without 
added pyruvate in normal and thiamine-deficient rats and ducks would 
indicate that inanition is more effective in increasing lactate formation than 
is thiamine deficiency. 

7. The depression in the oxygen consumption of auricular muscle seen 
in thiamine-deficient rats was not observed in thiamine-deficient ducks. 
An explanation for this species difference is suggested. 


We are greatly indebted to Miss Charlotte Thrall for technical assistance 
in carrying out the experiments of this study. We are also indebted to 
Merck and Company, Inc., Rahway, New Jersey, the Corn Industries Re- 
search Foundation, New York, and the Shefheld Farms Company, Inc., 
New York, for generous supplies of materials used in these studies. 
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THE EFFECT OF VITAMIN DEFICIENCIES UPON THE 
METABOLISM OF CARDIAC MUSCLE IN VITRO 
I. THRE EFFECT OF BIOTIN DEFICIENCY IN DUCKS WITH OBSERVA- 
TIONS ON THE METABOLISM OF RADIOACTIVE 
CARBON -LABELED SUCCINATE* 
By ROBERT E. OLSON, O. NEAL MILLER, YALE J. TOPPER, anv F. J. STARE 


(From the Department of Nutrition, Harvard School of Public Health, and the 
Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, April 22, 1945) 


The gross effects of biotin deficiency in bacteria, animals, poultry, and 
man have been studied in detail by a number of investigators. They range 
from growth failure in all species to dermatitis, alopecia, neuromuscular 
imbalance, anemia, spectacle eye, and thymus and testis atrophy in rats 
(1-4), poor feathering, dermatitis, and perosis in poultry (5-9), and changes 
in skin color, somnolence, glossitis, and electrocardiographie changes in 
man (10, 11). Data bearing on the underlying biochemical defects in 
biotin deficiency, however, have only recently been forthcoming. 

In 1942 Pilgrim, Axelrod, and Elvehjem (12) showed that homogenates 
of liver from biotin-deficient rats oxidized pyruvate more poorly than did 
those from normal controls and, in 1944, Summerson, Lee, and Partridge (13) 
reported that the addition of biotin to liver slices trom biotin-deficient rats 
in vitro resulted in increased lactate utilization. In 1943 Burk and Winzler 
(14) suggested that biotin might be concerned with carbon dioxide transfer. 
Koser, Wright, and Dorfman (15) and Stokes, Larsen, and Gunness (16) 
have reported that aspartate synthesis by bacteria is depressed in the 
absence of biotin, and Lardy, Potter, and Elvehjem (17) and Shive and 
togers (18) have presented data which account for this depressed aspartate 
synthesis on the basis of a failure to fix carbon dioxide in oxalacetate. 
Lichstein and Umbreit (19) have demonstrated recently the need for biotin 
in the decarboxylation of oxalacetate by Escherichia coli, and Ochoa ef al. 
(20) have shown that the content of triphosphopyridine nucleotide-specific 
malate dehydrogenase-decarboxylase is lowered in biotin-deficient turkey 
liver. 

fecent studies of the metabolism of cardiac muscle have shown that 
pyruvate utilization 7n vitro is depressed by thiamine deficiency in rats and 


* Supported in part by grants-in-aid from the Life Insurance Medical Research 
Fund, New York, Swift and Company, Inc., Chicago, the Nutrition Foundation. Ine., 
New York, the Milbank Memorial Fund, New York, and in part (Y. J.T.) by a con- 
tract between Harvard University and the Office of Naval Research. 
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ducks (21) and by pantothenic acid deficiency in rats (22). It occurred to 
us that if biotin functions in metabolism to facilitate the reversible 6-car- 
boxylation of pyruvate to oxalacetate the utilization of pyruvate as well as 
other members of the tricarboxylic eycle might be depressed in tissues from 
biotin-deficient birds. ‘To test this hypothesis we have determined the rate 
of oxygen consumption of slices of heart muscle from biotin-deficient and 
control ducks without added substrate and with added pyruvate and 
succinate, the rate of pyruvate disappearance in the presence of added 
pyruvate, and the rate of carbon dioxide production from succinate. The 
effect of pair-feeding normal controls, the effect of adding biotin to deficient 
tissues ¢n vivo and in vitro, and the comparat ive effects of deficiency upon the 
respiration of auricle and ventricle were also studied. A preliminary report 
of these experiments has been made (23). 


EXPERIMENTAL 


White Pekin ducklings davs old, “Veraging pri. inh welghit , were 
divided into experimental and control groups and placed in heated, raised 
bottom cages. The control groups were ted the following diet: casein 18 
per cent, gelatin 10 per cent, Cellu flour 3 per cent, dextrose 50 per cent, 
corn oil 10.2 per cent, cod liver oil 2.0 per cent, salts (24) 5 per cent, CaH PO, 
| per cent, choline chloride 0.3 per cent, a-tocopherol in corn oi) (10 mg. 
per ml.) 0.5 per cent. Supplementary crystalline vitamins were added in 
the following Quantities, expressed in micrograms per 100 gm. ot ration: 
thiamine 400, mboflavin SOO, pyridoxine 400, nicotimie acid 4000, calcium 
pantothenate 2000, folic acid 100, menadione 100, and biotin 20. The 
experimental series Was fed the same diet supplemented with 20 per cent 
dried raw egg white at the expense of carbohydrate and no biotin. ‘To 
evaluaie the effect of the partial inanition of biotin deficiency, several 
groups of control ducks were pair-fed either « deficient diet with parenteral 
biotin or the control diet. Other groups of control ducks were fed the 
control diet ad libitum. 

Deficient ducks were taken for respiration studies after their growth had 
been arrested and some weight loss had occurred. The birds were killed 
by decapitation, the heart quickly excised, chilled on cracked ice, and then 
immersed in iced, oxygenated saline-phosphate solution. The auricles and 
ventricles of the chilled heart were removed, sliced to a thickness of 0.5 to 
0.7 mm., placed in standard Warburg flasks containing potassium hydroxide 
in the center well, gassed with oxygen, equilibrated at 37°, and the rate ot 


oxygen consumption determined. [Each flask contained a total volume of 
3.0 ml. of phosphate-saline at pH 7.4 of the following composition: NaC! 
0.119 m, KCI] 0.094 m, MzCl, 0.0905 mM, and Na,HPOy-NaH,PO, 0.020 
When biotin was added zn vitro it was present in the medium initially and 
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allowed to react with tissue components for 30 minutes before the addition 
of substrate. For study of the effects of biotin zn vivo, the vitamin was 
injected intraperitoneally into deficient ducks in amounts of 45 y per bird 
per day. 

Substrates were added from the side arm at zero time. Sodium pyruvate 
was prepared from redistilled pyruvic acid which was neutralized to pH 6.5 
with bicarbonate and then crystallized from ethanol. ‘The final concentra- 
tion of pyruvate in the Warburg flask after dumping was 5 mo per liter. 
The non-isotopic succinate was chemically pure sodium succinate. Isotopic 
succinic acid containing C™ distributed between its two carboxyl groups was 
prepared from lithium acetylide by carbonation with CO, and subsequent 
reduction. ‘The final product melted at I89-190° and contained about 
440,000 counts per minute per mm. For respiration studies this was di- 
luted with non-isotopic suecinate to yield an activity of about 10,000 counts 
per minute per mm. ‘The final concentration of succinate in the Warburg 
flask was 10 mM per liter. 

Oxygen uptake was measured for 1 hour. At the end of this period tissue 
reactions were stopped by addition ot 0.2 ml. of 100 per cent trichloroacetic 
acid. In the case of the flasks containing radioactive succinate this addi- 
tion was made in a closed system so that the CO, liberated from the 
buffer and tissue would be absorbed by the alkali of the center well. For 
determinations of the amount of succinate oxidized the contents of the 
center well were pipetted with washings into a 15.0 ml. centrifuge tube (a 
filter paper in the center well was generally sof used in the succinate ex- 
periments because it was shown that even assiduous washing of the alkali- 
soaked filter paper would leave 5 to 10 per cent of the carbon dioxide in the 
paper) and precipitated with BaCl,. The barium carbonate was centri- 
fuged and washed with water until free of alkah and finally with ethanol 
and then plated on a tared, round, stainless steel cup having a central 
depression 1.5 mm. deep and 1.6 sq. em. in area. ‘The samples were 
counted with an end window Geiger counter and corrected for background, 
self-absorption, and counter sensitivity. ‘The accuracy of the counting 
as determined by checks with samples of known activity was +5 per cent. 

Pyruvate was determined by the direct method of Friedemann and 
Haugen (25) and lactate by the method of Barker and Summerson (26) on 
trichloroacetic acid filtrates of the Warburg fluid after incubation. Finaldry 
weight of the tissue slices was determined by heating to constant weight in 
an oven at 110°. In the protocols, the rate of oxygen consumption has been 
expressed as Qo, (microliters of O, used per mg. of dry weight of tissue per 
hour), pyruvate disappearance as —Q).ruvate (microliters of pyruvate dis- 
appearance per mg. of dry weig!it of tissue per hour, | micromole of pyruvate 
being equivalent to 22.4 microliters), and lactate formation as Qyactate. 
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The net pyruvate disappearance, 7.c. the conversion of pyruvate to non- 
lactate products, is expressed as nel —Qyyrusate (21). 


Resulis 


About 70 ducklings were used in this study. Typical growth curves for 
deficient, pair-fed controls, and controls fed ad lrhrfam are shown in big. l. 
Each point on the growth curve represents the mean of ten ducks. In this 
series of experiments it was invariably found that the experimental group 
receiving egg white grew more rapidly for the first 6 to 7 days and then 
lagged behind the control groups, reaching a plateau st about 200 The 
food consumption, which is also plotted for all groups in Fig. 1, dropped to 
30 gm. per day for the experimental group after the Ist week and remained 
at or about that level for the duration of the experiment. Poor feathering 
and bal iness were noticed as early as 4 to 6 days in the experimental groups 
and occurred in some 90 per cent of the deficient ducks.  Perosis was 
observable between the Sth and 2ith days and oecurred in 70 per cent of the 
deficient ducks. Mortality in the deficient group ranged from 20 to 30 
percent. The pair-fed control groups began to lag in growth after 10 days 
on their regimen and generally reached a plateau at a body weight of 300 to 
390 gm. These birds were continually famished and consumed their food 
allowance in 30 to 45 miiutes daily.  kither pair-feeding the control diet or 
pair-feeding the deficient diet plus intraperitoneal! injections of 20 y of bio- 
tin per duck per day gave te sime growth curve. In general, the hearts 
of the deficient ducks were puer, larger, and the myocardium thicker 
than in those from controls fed ad libitum or pair-fed. 

The effect of biotin deficiency upon the respiration of slices of ventric 
shown in Table I. Mean data on oxygen consumption, lactate formation, 
and pyruvate utilization for deficient, cured, and control ducks are pre- 
sented. All values are depressed in biotin deficiency. When pair-fed 
controls are used as the standard of comparison, the G, of heart ventricle 
from biotin-deficient ducks was reduced 43 per cent without added sub- 
strate and 35 per cent with added pyruvate. Pyruvate utilization was 
decreased 48 per cent. When compared to slices from pair-fed ducks the 
lactate accumulation expressed a Qiactare Was LO per cent of normal in the 
absence of added substrate and 25 per cent of normal in the presence of 
pyruvate at 5 mm per liter. Compared with values from ducks ted ad 
lintum, the above values become 39 per cent and 52 per cent respect 1 ely. 
The elevation of lactate formation in the pair-fed birds is reminiscent of our 
findings in normal ducks fasted for 48 hours (21) and suggests that the pair- 
fed ducks in this series are effectively fasted by the feeding of suboptimal! 
food allowances which are almost immediately consiimed. “Time studies of 
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Fic. 1. Growth curves for biotin-deficient, pair-fed normal control, and control 
ducks fed ad libitum. The mean body weight in gm for groups of ten biotin-deficient 
(@), pair-fed control and controls (®) fed ad /ibitum is plotted against the time 
indays. The crosses indicate death. Perosis was observable after the Sthday. The 
food intake in em. per day per duck is plotted for these groups across the bottom. 
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the rate of lactate formation in ventricular muscle from normal ducks and 
those fed ad lilitum indicate that the lactate accumulation is a product of 
initial glycolysis and subseque nt oxidation in slices without added pyruvate 
and the product of initial glycolysis plus further reduction of pyruvate in 
the tissues with added pyruvate (27). The data obtained with biotin de- 
ficiency would seem to indicate that the initial glycolysis is decreased. 
When deficient birds are injected with biotin intraperitoneally at a level 
of 45 y per bird per day, there is restoration of respiration to normal within 
24 hours of the injection. The data on eured ducks shown in Table I were 
obtained from three deficient ducklings showing all the features of the 
biotin deficiency syndrome and injected with biotin from 1 to 7 days. One 


Effect of Biotin Deficiency upon Orygen Consumption, Pyruvate Utilization, and 

s 

ate, > 

No.* of Davs on Mean ) it pyruvate 4 

Group ducks wei leuhetrate mM per; 

it liter 

Deficient 1S 1.54 7.02 0.24 3.12 2 54 
16 +0.26 120.06 30.10 +0.22 +0.2] 
Pair-fed con- 6 24 374 7.96 | 10.73 1.64 3.11 6.42 1.92 
trols +] +0.90 30.15 40.32 +0.38 
Controls fed ad Is 504 4.209 | 10.10 0.62 1.58 6.0] 508 
libstum 25 +O 34 40.323 40.05 20.15 +0.34 +0.2] 
Deficient + bio- 3 ls G95 44 45 1.4] 5 37 4 40 
tin intraperi- tO.22 '+0.42 (20.05 +0.23 +0.26 +0.35 


toneally 


* Duplicate determinations made on each du 
+ All deviations are the standard error of the mean 


bird was killed after | day, one after 2 days, and one after7 days. The one 
allowed to go for 7 days showed resumption of growth at a slope paralleling 
the normal controls fed ed libitum and reteathering. It may be seen that 
the oxygen consumption with and without added pyruvate and pyruvate 
utilization in these cured ducks are restored to levels not significantly 
different from those of normal controls. 

Table IT shows the results of studies on the oxidation of succinate by 
these same groups of biotin-deficient, cured, and control ducks. The oxygen 
consumption by ventricle from biotin-deficient ducks in the presence of 
succinate is decreased below the values found for control birds and is re- 
stored by injections of biotin. Column 4 of Table II lists the radioactivity 
recovered in the center well of the Warburg vessels after incubation 
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Column 5 of Table IT gives the rate of oxidation of succinate in terms of 
Qco, (euccinste carboxy) - [hese values were ealeulated from the initial total 
quantity and activity of the suecinate carboxyl CO; and the final activity of 
the respiratory CO, collected from the center well; vzz., each flask con- 
tained 3.0 ml. of buffer having a succinate concentration of 10 mm per liter. 
The total succinate per flask was thus 30 micromoles and the total succinate 
carboxyl CO,, 60 micromoles. The total racioactivity of the suecinate 


Il 
Comparative Rates of Succinate Oxidation tn Biotin-Deficient, Cured, and Control 
Duck Ventre le A Veasured pth fsotopic Succinite Labeled in Carboryl with C' 
Per cent of values 


a obtained in pair-fed 
controls 


No. of 
detere Succinate, Co.nts per 
mine 101 per liter m On n 
JC Opsuccinate | succinate | 
arboxy! 10 ma per} Succinate 
issue px carboxy! 
hr. iiter 
Deficient IS 13.04 + 0.49% 56 4+ 42.55 + 0.18 72 2} 49 + 3 
Pair fed controls is ol 0 126 4 413.4 4- } 1OO + 4 100 + 5 
Controls fed ad 14 17.13 + 0.41 + 44.17 + 0.20 2) 732 4 
Deficrent + biotin 6 15.76 + 0.45 182 + 10604 + 0.47 B38 tc 105 + § 
intraperitoneally 


* All deviations are the standard error of the mean 


carboxyl was 300 counts per minute per flask. The period of incubation 
was hour. From this it follows 


Activity of center well, CO;, counts per min. per flask ; 
60 XK 22.4 


l 

dry weight of issue, mg. (succinate carboxyl) 
The Qco, succinate carboxy!) 18 thus the number of microliters of succinate 
carboxyl carbon dioxide produced per mg. of dry weight of tissue per hour. 
since only the carboxyl groups of the isotopic sueeimate are labele \, and 
since the known pathways for snecinate oxidation make possible removal of 
one carboxyl without the other, the Qco, succinate carboxy! values obtained in 
the above manner are not indicative of the number of moles of succinate 
undergoing oxidation or the extent of the oxidation. If one wished to 
assume for the sake of an approximation that the liberation of one carboxyl 
CO. insured the complete combustion of succinate under our eonditions, 
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then the rate of succinate combustion in microliters (micromoles & 22.4) 
per mg. of dry weight per hour would equal one-half the Qco, s secinate carboxyl. 

It is of interest to note (Table Il, Columns 6 and 7) that biotin deficiency 
depresses CO2 production from succinate in heart muscle more than it 
lowers oxygen consumption in the presence of succinate. Conversely, the 
administration of biotin to deficient ducks restores CO. production from 
succinate more completely than it restores oxygen consumption in the 
presence of succinate. ‘These data are in support of the idea that the 
activity of biotin is concerned with decarboxylation reactions. If one 
calculates the —(), iecinate values for normal and deficient hearts from the 
co, /suecinate carboxyl) Values on the basis of assumptions outlined in the 
preceding paragraph, and then calculates the equis alent OXVEeCn Consump- 
tion from —Qsuccinate by multiplying by 3.5, it would appear that, while 


Il] 
Effect of Biotin Addition in Vitro upon Orugen Consumption, Purnvate Utilization, 


and Lactate Formation in Slices of Heart Ventricle from Biotin-Doficient Dac 
Ventricle slices O pyruvate, na sub. 2 
mee substrate 5 mM per per = 
iter 
Deficient 6 5.13 5.36 | 12.34 0.43 0) S87 } SS 3.14 
+0 65* +0.68 41 38 Ooo om 18 
y per ml. +0.55 20.89 241.85 20.07 0.07 20 28 +0.30 
‘Normal controls 10 7.03 9.82) 17.374 75 1.75 HO] 5.01 
t0.34 30.32 4.0.52 20.12 20.21 320.38 340.36 


* All deviations are the standard error of the mean. 


succinate combustion in normal! heart ventricle accounted for 50 per cent 
of the observed oxygen consumption, in heart slices from biotin-de‘icient 
ducks it accounted for only 34 per cent. It ts probable that the sue- 
cinoxidase system which oxidizes succinate to fumarate (and other systems 
which oxidize fumarate to oxalacetate) accounts for a fair proportion of the 
extra oxygen consumption in both the normal and de‘icient tissues. It is 
of some interest that the succinate utilization of heart ventricle from con- 
trol ducks fed ad libitum is below that of pair-fed controls. 

Attempts to remedy the respiration defects in ventricle from = biotin- 
deficient ducks by adding the vitamin za vitro and incubating 30 minutes 
before adding substrates tailed, as indicated by Table III. There were no 
significant changes in oxygen consumption in the absence and presence of 
added pyruvate, in the presence of succinate, in pyruvate utilization, or 
in lactate formation. ‘The only positive change was in the oxygen con- 
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sumption in the presence of pyruvate, a change from 5.36 + 0.68 in the 
absence of biotin to 6.78 + O.S9 in the presence of biotin, a difference of 1.42 
for which ¢ = 1.3, which is not significant. Normal control slices from 
ducks fed ad li/ntum run with this series showed normal values not dif- 
ferent from the previous series of controls. 

Table IV presents a comparison of the effects of biotin deficieney upon 
the respirat ion of auricle and ventricle slices taken from the same heart in a 
series of ducks. ‘The same decreases in Qo, and pyruvate utilization were 
observed for both auricle and ventricle. In general, the changes were 
parallel in both auricle and ventricle for all of the measurements made with 
the exception of oxygen consumption in the presence of pyruvate, which 
seemed to be depressed in auricle more than in ventricle. The degree of 
change from norma! in this series of deficient ducks was not quite as 


j 
Auricle and Vent « from Normal and Biotin-Deficient Ducks 


Control 


Deficient 
ninations 12 

Auricle Q,,. (no added substrate 5.65 + 0.24! 7.96 + 0.71 
pvruvate 5S mM 5 S83 + 0 31 | 10.92 + 0.35 
Net 340 + 0.31 | 5.25 + 0.52 
Ventricle ,. (no added substrate 6.08 + 0.26 $8.20 + 0.75 
r iit r i). 10 .S5 + 0.55 
3.62 + 0.23 5.38 + 0.01 
Ratio. auric! added substrate 0.95 + 0.07 0.97 + 0.10 
ventrich ‘* (pvruvate, 5mm per liter 0.75 + 0.05 1.01 + 0.04 
094 40.15 O.98 + 0.07 


marked as in earlier series, although the results are still significantly dif- 
ferent from normal. ‘This group of deficient birds was older and it has been 
found in two or three cases that birds which survive more than 24 days on 
the deficient diet give values for oxygen consumpt. on and pyruvate utiliza- 
tion for heart ventricle which are closer to normal than are those obtained 
on ducks showing gross deticiency signs at 12 to 16 days. The nature of 
this accommodation to deficiency disease is being explored. 


DISCUSSION 


The finding of a deranged pyruvate and succinate metabolism in cardiac 
muscle slices from biotin-deficient ducks adds to the growing weight of 
evidence assigning to biotin the réle of a respiratory catalyst. As early as 
1933, Allison, Hoover, and Burk (28) showed that a heat-stable water- 
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soluble factor from yeast which they named coenzyme R and which was 
later identified with biotin (29, 30), would stimulate the respiration of the 
Rhizobium trifoliit from legume nodules 100-fold. More recently, Burk, 
Winzler, and du Vigneaud (31) have pointed out that the respiration of 
biotin-deficient yeast is markedly depressed and the addition of biotin 
stimulates both fermentation and respiration. ‘The finding of a depressed 
endogenous oxygen consumption in ventricle slices from biotin-deficient 
ducks is, therefore, not unexpected. The utilization of pyruvate by both 
ventricle and auricle has been found to be depressed in biotin-deficient 
ducks. Thiseffect has been previously observed in liver tissue from biotin- 
deficient rats by Pilgrim, Axelrod, and Elvehjem (12) and by Summerson, 
Lee, and Partridge (13). 

Recent studies mentioned previously (15-18) have implicated biotin in 
the reversible 8-carboxylation of pyruvate to oxalacetate. Although the 
Wood-Werkman reaction has not been shown to occur in heart muscle, 
fixation of COs in oxalosuccinate by heart muscle extracts has been shown 
by Ochoa (82). Presumably, fixation of COs in oxalacetate also oecurs In 
heart muscle and experiments to verify this are under way at present. The 
production of CO: from succinate is significantly slowed in ventricle from 
biotin-deficient ducklings. ‘The conversion of pyruvate to non-lactate 
products is decreased to almost the same quantitative extent, ¢.c. 50° per 
eent. If the fixation of COs by pyruvate is a prerequisite for the mainte- 
nance of adequate levels of oxalacetate for condensation of C2 or Cs radicals 
from pyruvate and their ultimate oxidation by way of the tricarboxyhe 
acid cycle, a loss of B-carboxylase activity would explain both the decreased 
CO, production from succinate and the decreased pyruvate utilization im 
cardiac ventricle slices from biotin-deficient ducks. The decreased lactate 
accumulation observed in these slices is more difficult to explain. ‘That 
biotin has a single function in metabolism is doubtful in view of the studies 
of Lichstein and Umbreit (33) on the deaminase content of biotin-deficient 
Escherichia coli, of McHenry and Gavin (34) on synthesis of fatty acids in 
rats supplemented with biotin, and of Potter and Elvehjem (35) on oleic 
acid-biotin interrelationships in Lactobacillus arabinosus. 

The mechanism of the action of biotin ts not clear. Although biotin 
appears to influence the reversible 6-carboxylation of pyruvate, other co- 
factors are also involved. Vennesland, Evans, and Altman (36) found 
stimulation of COs, fixation by pigeon liver 8-carboxylase in the presence of 
adenosine triphosphate but stimulation of the reverse reaction in the pres- 
ence of triphosphopyridine nucleotide. Cheldelin ef al. (87) report that 
biotin is more firmly bound in tissue combination than any other vitamin. 
Our studies with the addition of biotin to deficient tissues in vitro indicate 
that the vitamin is not easily converted to an active form. ‘The relative 
efficacy of biotin upon deficient ducks in vitro and in vivo parallels, however, 
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the effects of pantothenic acid (22) which is conjugated toa relatively com- 
plex coenzyme. Ochoa ¢/ a/. have found no biotin by a microbiologic 
technique in their preparations of malate dehydrogenase-decarboxylase and 
entertain the possibility that biotin may in some way stimulate enzyme 
formation. The resolution of the mechanism of biotin activity awaits 
further investigation. 


SUMMARY 


|. ‘Phe oxygen consumption of heart ventricle slices from biotin-deficient 
ducks in the presence and absence of pyruvate (5 mM per liter) and in the 
presence of succinate (10 InM pel liter) was decreased a. 43, and 28 per cent 
respectively from that of ventricle slices from pair-fed normal controls. 
The values for ventricle from controls fed ad libitum were not significantly 
different from those of the pair-fed controls. 

2. The accumulation of lactate in ventricle shees trom biotin-deficient 
ducks in the presence and absence of pyruvate was decreased to about 20 
per cent of the values from pair-fed controls and to about 45 per cent of 
those from controls fed ad libitum. The higher lactate formation in pair- 
fed ducks appears to be related io their state of partial inanition. 

3. The conversion of pyruvate to non-lactate products was reduced 48 
per cent in ventricle slices from biotin-deticient ducks. 

CO, production from carboxyl-labeled succinate in heart ventricle 
from biotin-deficient ducks was decreased 55 per cent from that of pair-fed 
controls. 

5. The prior intraperitoneat administration of biotin to deficient ducks 
restored the respiration and pyruvate utilization of heart ventricle slices 
( ssentially to normal. 

(. The incubation of deficient heart ventricle sices with biotin zn vitro 
had no significant effect upon their respiration or pyruvate utilization. 

7. the respiration and pyruvate utilization of auricular and ventricular 
heart muscle, in general, were depressed to the same extent in biotin- 


deficient ducks. 


We wish to thank Miss Charlotte Thrall ior technical assistance. Our 
thanks are also due to Merck and Company, Inc., Rahway, New Jersey, the 
Corn Industries Research Foundation, New York, and the Shefheld Farms 
Company, Inc., New York, for generous supplies of materials used in the 
diets deseribed in this paper. 
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THE EFFECT OF PANTOTHENIC ACID DEFICIENCY UPON 
THE COENZYME A CONTENT AND PYRUVATE UTILIZA- 
TION OF RAT AND DUCK TISSUES* 


By ROBERT Ek. OLSON anno NATHAN O. KAPLAN 


(From the Department of Nutrition, Harvard School of Public Health, the Biochemical 
Research Laboratory, Massachusetts General Hospital, and the Department of 
Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, April 22, 1948) 


Coenzyme A, which is essential for the acetylation of sulfanilamide 
in liver and acetylation of choline in brain, was found by Lipmann et al. 
(1) to be a pantothenic acid derivative. A ubiquitous distribution of 
this coenzyme in nature has been reported by Kaplan and Lipmann (2); it 
has also been observed, in general, that the coenzyme represents all of the 
pantothenic acid present in animsl tissues (3). Novelli and Lipmann 
have shown that Proteus morganit, Lactobacillus arabinosus, and yeast 
(4, 5) contain decreased amounts of coenzyme A when grown on panto- 
thenic acid-deficient media and respond to added pantothenic acid by 
rapidly converting the vitamin to coenzyme A. 

Dorfman, Berkman, and IXoser (6) and Hills, (7) have shown that pan- 
tothenic acid is concerned with the oxidation of pyruvic acid in Proteus 
morganit. ‘These findings were confirmed recently (+) and a correlation 
established between the stimulation of pyruvate oxidation after addition 
of pantothenic acid and the concurrent increases in coenzyme A content of 
the bacteria. Pilgrim, Axelrod, and Elvehjem (8) have reported that 
liver homogenates from pantothenic acid-deficient rats showed no increase 
in oxvgen consumption with added pyruvate, while those from normal rats 
gave a marked response. ‘These facts led us to study more closely the 
relat lonship between the concentration of tissue coenzyme A and pyruvate 
metabolism in representative avian and mammalian organisms. 

This communication Ceals primarily with the effect of the dietary restric- 
tion of pantothenic acid upon the coenzyme A content and pyruvate 
metabolism of tissues from rats and ducks. Factors influencing the rate 
of coenzyme synthesis and destruction tn vitro as well as the relative rates 
of coenzyme synthesis 77 vive and tn vitro were also studied. 


* Supported in part by a grant in-aid from the Life Insurance Medical Research 
Fund. New York, the Nutrition Foundation, Ine., New York, the Milbank Memorial 
Fund, New York, and in part (N. O. K.) by a grant from the Commonwealth Fund, 
New York 
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EXPERIMENTAL 


The animals and birds used in this study were 30 day-old male albino 
rats of the Hisaw strain and 7 day-old white Pekin ducklings. Twenty 
four rats averaging 50 gm. in weight were divided into three groups and fed 
control, pantothenic acid-deficient, and riboflavin-deficient diets for 9 
weeks. The control group received a normal diet of the following composi- 
tion: casein 18 per cent, glucose 73 per cent, salts (9) 4 per cent, corn 
oil 3 per cent, cod liver oil 2 per cent; vitamin supplement containing the 
following quantities of B complex factors in crystalline form: thiamine 
400 y per 100 gm., riboflavin 800 y, pyridoxine 400 y, niacin 2000 y, calcium 
pantothenate 2000 y, choline chloride 100 mg. ‘The two experimental 
groups were fed the same diet minus the riboflavin supplement and the 
pantothenic acid supplement respectively. Riboflavin deficiency was 
induced in order to evaluate the specificity of changes associated with 
pantothenic acid deficiency. After 3, 5, and 9 weeks on these diets ani- 
mals were fasted 24 hours and sacrificed in pairs and the coenzyme A 
content of heart, liver, kidney, and adrenal determined by the procedure 
of Kaplan and Lipmann (2), which is based upon the enzymatic acetylation 
of sulfanilamide by aged extracts of pigeon liver. A unit of coenzyme A 
has Leen defined previously (2) and has been found to contain about 0.7 ¥ 
of pantothenic acid. At the same time, samples of heart and liver tissue 
were chilled in iced, oxygenated phosphate-saline of the following composi- 
tion: NaCl 0.119 KC] 0.004 Mm, 0.0005 Mm, NasHPO w-NaH.PO, 
0.020 m, pH 7.4. After a few moments the tissues were sliced and incu- 
bated with and without added sodium pyruvate (5 mM per liter) in standard 
Warburg flasks for 2 hours. The oxygen consumption and total pyruvate 
utilization were determined. ‘The detaiis of these methods are presented 
elsewhere (Olson et a/. (10)). The adrenal glands were fixed in formalin and 
frozen sections were stained by methods used to characterize ketosteroids 
(11). These were then kindly examined for signs of adrenal cortical 
exhaustion by Dr. Helen Deane of the Department of Anatomy. 

The ducklings used in this study were received from the hatchery at 
l to 3 days of uZze and maintained in heated, raised bottom Cages until 
they were 7 days of age, at which time they averaged 150 gm. in weight. 
They were then divided into experimental and control groups and fed 
their respective diets until loss of weight and a scaly dermatitis developed 
in the experimental group. The experimental diet consisted of casein 18 
per cent, gelatin 10 per cent, Cellu flour 3 per cent, dextrose 50 per cent, 
eorn oil 10.2 per cent, cod liver oil 2.0 per cent, salts (9) 5 per cent, CalTPO. 
1.0 per cent, choline chloride 0.3 per cent, a-tocopherol in corn oil (10 mg. 
per ml.) 0.5 per cent. Supplementary crystalline vitamins were added in 
the following quantities per 100 gm. of diet: menadione 100 y, thiamine 40) 
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y, riboflavin 800 y, pyridoxine 400 y, nicotinic acid 4 mg., biotin 20 y, 
folic acid 100 y. ‘The control groups received 2.0 mg. of calcium panto- 
thenate per 100 gm. of ration in addition. Acute deficiency signs developed 
in from 10 to 15 days. In one series of deficient ducklings, the birds were 
killed at 5 day intervals for 15 days and the coenzyme A content determined 
in liver and heart as a function of time. In another series, the oxygen 
consumption and pyruvate utilization of liver slices from deficient birds 
were determined by the standard Warburg technique in flasks with and 
without added pyruvate and with and without added sodium pantothenate 
at a level of 0.2 to 0.3 mM per liter. The pyruvate was always added at 
zero time from the side arm in an amount to make the final concentration 
5mM per liter. The period in these experiments was 1 hour, and the gas 
phase was O,. Both lactate production and pyruvate utilization were 
determined and the results expressed in terms of Q (microliters of metab- 
olite produced or lost per mg. of dry weight of tissue per hour). In the 
experiments in which sodium pantothenate was added in vitro, the vitamin 
was added directly to the main chamber and allowed to react with tissue 
components during the period of equilibration. In the experiments in which 
pantothenate was added tn vivo the dose was 10 mg. of sodium panto- 
thenate per 100 gm. body weight, intraperitoneally, a dose calculated to 
give the same concentration of pantothenate per ml. of body water as was 
present in the tests tn vitro. The deficient ducks injected with panto- 
thenate were killed after 1 to 2 hours. 

In the tests of factors influencing coenzyme A synthesis in vitro, livers 
from deficient ducklings were removed, chilled in oxvgenated phosphate- 
saline, and sliced. The shees were then added to 50 ml. Erlenmeyer 
flasks and shaken at 37°. Coenzyme A was determined on the slices at 
the end of each experiment and occasionally in the medium. 


Results 


Coenzyme A and Pyruvate Utilization——TVhe results of the first experi- 
ment with rats are shown in Figs. 1 and 2 and in Table I. Fig. 1 presents 
the mean growth of normal, riboflavin-deficient, and pantothenic acid- 
deficient rats plotted against the time in days. Each point on these growth 
curves represents the mean of from two to eight animals, depending upon 
the number remaining at the time. Deaths of rats in the experimental 
groups, apart from those caused experimentally at the 3, 5, and 9 week 
intervals, are indicated by small crosses in Fig. 1. In Fig. 2 each value 
plotted for coenzyme A represents a determination of the pooled tissues 
from two rats. It may be seen that the pantothenic acid-deficient rats 
showed marked decreases in coenzyme A content in all tissues examined, 
the absolute decreases being most prominent in the liver and adrenal. The 
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riboflavin-deficient animals showed coenzyme values not significantly 
different from normal on a unit weight basis despite the fact that they 
grew more poorly than the pantothenic acid-ceficient group. The rise in 
the coenzyme A content of the livers of the normal and riboflavin-defi- 
cient rats after 3 weeks on the synthetic diets is probably due to the higher 
content of pantothenic acid of these experimental diets over that of the 
stock food. In heart, liver, and kidney there was a lag of 3 weeks before 
significant reduction in coenzyme A content occurred; in adrenal, it ap- 
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DAYS ON DIET 
Fic. 1. Growth curves for normal and pantothenic acid-deficient dueks and nor- 
mal, riboflavin-deficient, and pantothenic acid-deficient rats. Body weight in gm. 
is plotted against the time in days. All animals were fed ad libitum. The dotted 
lines “are curves for ducks: the solid lines for rats. The crosses svimbolize death. 
Each point represents results from two to eight animuls. 


peared to be immediate. Histological examination of the adrenals in- 
dicated that the same course of changes previously reported (11) in pan- 
tothenic acid deficiency in rats was found to occur in this series. Complete 
elmination of the lipides of the fasciculata oecurred at the 9th week. 
Table I presents the preliminary findings on the oxygen consumption and 
pyruvate utilization of heart and liver slices taken from these rats at the 
same time as the tissues sampled for coenzyme A determination. There 
were no significant changes from normal in either the Qo, or the —Qpyruvate 
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of either deficient group until after the 5th week on the deficiency diets. 
For this reason, the values obtained at the 3rd and Sth weeks are averaged 
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Fic. 2. Changes in the coenzyme A content of liver, adrenal, heart, and kidney 
in rats on normal, riboflavin-deficient, and pantothenic acid-deficient diets. Co- 
enzyme A eontent in units per gm. of fresh weight of tissue plotted against the time 
on the diet in weeks. Each point represents the mean value for pooled tissues from 
two rats. 


and compared with those obtained at the 9th week. All of the determina- 
tions on the controls are averaged. It may be seen that both heart and 
liver slices from pantothenic acid-deficient rats at the 9th week metabolized 
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pyruvate more poorly than did those from the controls or riboflavin-de- 
ficient rats. This was true despite the fact that the total oxygen consump- 
tion was reduced to a considerably greater extent in the riboflavin-deficient 
animals. ‘These preliminary findings of a reduced pyruvate utilization in 
tissues from pantothenic acid-deficient rats were in good agreement with 
the report of Pilgrim, Axelrod, and Elvehjem (8) that pyruvate failed to 
stimulate oxygen uptake in homogenates of liver from pantothenic acid- 
deficient rats. The fact that this reduced pyruvate utilization occurred 
first when the tissues had become depleted of coenzyme A was of great 
interest and prompted further experimentation. 

The peculiar sensitivity of young ducklings to dietary restriction of 


B complex vitamins (12) suggested to us that this bird might be a more 


TABLE | 
Effect of Pantothente Acid and Riboflar in Deficr nmeles UPON Ory, Cronsum ption ana 
Pyruvate Utilization of Heart and Lave Slice Fasted Rats 


Heart tissue Liver tissue 
Wk 
(;roup on 
diet {} « Op, {) 
vruvat yruy pyr 4 vat 
4 M per er r 
Control 3-98.2 + 0.7* 10.4 + 0.55.0 + 0.36.6 + 0.2/8.1 + 0.24.5 + 0.3 
Riboflavin- | 3-58.2 + 0.5 8.7 + 0.25.6 + 0.16.7 + 0.2/8.2 + 0.84.7 + 0.9 
deficient 9 3.7 + 0.1 | 5.1 + 0.8/4.7 0.89.8 + 0.2/6.6 + 0.23.5 + 0.4 
Panto- 3-5 7.1 +0.8 + 0.14.8 + 0.27.1 + 0.1/9.0 + 0.34.2 + 0.2 
thenic 6.2 0.2 16.0 + 0.23.1 026.8 + 0.17.8 + 0 7 +03 


acid-de- 
ficient 


* The deviations are the standard error of the mean. 


suitable experimental subject than the rat for the induction of panto- 
thenic acid deficiency and the study of its relationship to pyruvate metab- 
olism. Figs. 1 and 2 show the mean growth and mean coenzyme A con- 
tent of heart and liver for deficient and normal birds. While the period 
for depletion of coenzyme A in rats appeared to be from 5 to 9 weeks in 
various tissues, depletion in the duckling took only 5 days (Tig. 3), at 
which time the coenzyme A concentration reached a low level which was 
not appreciably lowered until death. Table II] shows that the rate of 
pyruvate utilization is markedly depressed in liver slices from such deficient 
ducks. The addition of sodium pantothenate to the Warburg flask an 
vitro during a 15 minute incubation period before addition to substrate 
did not appreciably improve the pyruvate utilization. The intraperi- 
toneal injection of deficient birds with sodium pantothenate (10 mg. per 
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100 gm. of body weight), however, had a marked effect in restoring pyruvate 
utilization towards normal. This improvement in pyruvate utilization 
was accompanied by a rise in the coenzyme A content of the liver. In 
these experiments, the amount of pyruvate reduced to lactate was deter- 


mined and the —Qbsyruvate Values corrected for lactate formation. The 
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Fic. 3. Changes in the coenzyme A content of heart and liver from normal and 
pantothenic acid-deficient ducks. Coenzyme A in units per gm. of fresh weight 1s 
plotted against the time on the diet in days 


Kach point represents the mean value 
for pooled tissues for two ducks 


TABLE II 
Effect of Pantothenic Acid Deficiency and Added Pantothenate upon Oxygen 
Consumption and Pyruvate Utilization of Duck Liver Slices 


Coenzyme 


| weight per iter 
Deficient 4 455+2 7.3+0.6; 2.3 + 0.7 
treated in vitro 4 Oo + 8.7 + 0.7 3.0 + 0.4 
6 117 + 5:|7.2+0.8 |'9.2 + 0.5 6.3 + 0.6 
Normal controls 6 1330 +6 7.7240.5 9.8 +0.5 7.6 + 0.5 


net —Qpyruvate Values thus obtained then serve as an index of the con- 


version of pyruvate into non-lactate products (10). It may be seen from 


Table II that the net —Qpyruvate of liver slices from deficient, treated, and 
normal ducks appears to be a more direct function of the coenzyme A con. 
tent of the slice than the rate of oxygen consumption. In Fig. 4 the in- 
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dividual net —Qpyruvate Values are plotted against their respective co- 
enzyme A concentrations for liver slices from deficient, normal, and treated 
ducks and a strict proportionality between pyruvate utilization and 
coenzyme A concentration is observed. 

In the ducks injected with pantothenate approximately 3 per cent of the 
injected vitamin was converted to coenzyme A in the liver. ‘Two injece- 
tions, or an interval longer than 90 minutes after injection, were not neces- 


NET Qpyruvate 


20 40 60 80 100 120 140 160 
COENZYME AIN UNITS PER GRAM FRESH WEIGHT 

Fic. 4. Relationship between net pyruvate utilization (net —Qyyrovate) and coen- 
zyme A content of liver slices from deficient. }) intothenic acid-treated, and normal 
ducks. Net —Qbyruvate Values for individual liver slices are plotted against their 
respective coenzyme A values in units per gm. of fresh weight of slice. The following 
symbols represent the various groups: deficient (@), deficient treated in vitro (Q), 
deficient treated in vivo by intraperitoneal injection of 10 mg. of calcium pantothen- 
ate per 100 gm. of body weight 1 to 2 hours before observation (4), and normal con- 
trols fed ad libitum (QO). 


sary fora maximum response. A summary of these data is given in Table 
III. 

Synthesis of Coenzyme A tin Tissue Slices from Deficient Ducks—The 
ability of tissue slices from deficient ducks to synthesize coenzyme A 
from added pantothenate in vilro Was tested in a number of experiments 
which are summarized in Table IV. Although the increases in coenzyme 
A were relatively small when compared with the effect of pantothenate 
injected in vivo, the effect of the added vitamin is definite in vitro and indi- 
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cates that the surviving deficient tissue slice is now able to give rise to ad- 
ditional coenzyme from its precursors. ‘There was no coenzyme found in 
the medium in these experiments. Both heart and liver slices demon- 
strated this property. Added pyruvate seemed to have no stimulatory 
effect upon coenzyme A synthesis, while added glucose appeared to inhibit 
the synthesis. The initial level of coenzyme A is well maintained in slices 
shaken in O» from 1 to 2hours, slices from both deficient and normal ducks 
maintaining from 80 to 90 per cent of their original coenzyme A content 
uncer these conditions. Fig. 5 shows the relationship between the period of 
incubation and the coenzyme A content of liver slices from normal and 


Effect of Intraperitoneal Injections of Sotiun Pantothenate* on Coenzyme A Content 
of Livers of Pantotienic Acidl-Deficient Ducklings 


Coenzyme A 


Experiment) cf sndiim injection to. | Liver, fresh | 
pantothenate sacrifice ogy | Units per liver 
| min. gm | 
2 4 0 0 39 340 
5 90 6.0 101 | 606 
6 l 90 9.2 142 1312 
3 7 0 0 10.1 28 | 285 
0 | 0 | 35 | 280 
| 120 7.5 | 118 890 
12 2 210 8.5 | 113 | 960 


* The solution injected into the ducks was made up in (isotonic) phosphate-saline 
and contained 5 mg. of sodium pantothenate per ml. 10 mg. per 100 gm. of duck 
were given intraperitoneally. 


deficient ducks incubated with and without added pantothenate at a level 
of 95 y (0.2 mm per liter) of calcium pantothenate per ml. Synthesis of 
coenzyme A occurred in the deficient but not in the normal slices. 

The effect of a number of additional variables was tested in a series of 
experiments summarized in Table V. It was found that adenylic acid 
when added together with pantothenic acid had no effect upon coenzyme 
synthesis. The addition of coenzyme A caused only little, if any, increase 
in the tissue concentration and was nearly quantitatively recovered from 
the medium after the period of incubation. The effect of fission products 
produced by enzymatic treatment of the coenzyme was also tested. Both 
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IV 


Synthesis of Coenzyme A in Vitro from Added Pantothenate in Deficient Tissue Slices 
of Duck 


All experiments conducted in phosphate-saline (PO,, 20 m™ per liter) at 37.2° 
with O, as gas phase. All tissue slices from pantothenic acid-deficient ducks showing 
gross lesions and other signs of deficiency disease. Pyruvate, when added, was at 
5 mo per liter, and glucose was at 11.1 mM per liter. 


Coenzyme A 
Pantothen- 


Tissue slices Period Substrate added gy Units | merase.” | pee cont 
| | pergm. | increase 
min. 
1 | Heart 60 | None 
+ 3 | 12 | 82 
| 60 | Pyruvate 4s 
2 | 60 None 0 
| 60 + 6 32 
| as | 60 Pyruvate + 29 6 32 
3 | Liver 0 
| 60 | Pyruvate | 44 | —10 
+ 63 | 43 
4 | “ 0 52 | 
| 60 0 5O —2 
| GO | 12 2b 
| 60 4+ 61 | 15 32 
5 5S 
60 Pyruvate 0 45 —10 —17 
60 50 +S 
+ 65 lS 
0) 52 
0 50 
Pyruvat OO 25 


* Increases 1n eoenzyvime A in slices with added pantothenate were calculated with 
respect to the mean value obtained on the control slices incubated for the same period 
without added pantot henate: decreases in control slices were calculated with respect 
to the content of the unineubated slice 
alkaline intestinal phosphatase and a liver enzyme have been found! 


to be required for the liberation of pantothenic acid from coenzyme A 


‘ Novelli, G. D., Kaplan, N. O., and Lipmann, F., in preparation 
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Dephosphorylated coenzyme seems to have less effect upon coenzyme A 
synthesis in liver tissues from deficient ducks than has pantothenic acid, as 
is seen in Experiment 5, Table IV. Treatment of coenzyme A with both 
the alkaline phosphatase and the liver enzyme, however, yields a product 


180 - 


NORMAL 


604 DEFICIENT 


20- 


COENZYME A IN UNITS PER GRAM FRESH WEIGHT 


10 20 30 40 
MINUTES 


hic.5. Effect of incubating liver slices from normal and pantothenic acid-deficient 
ducks with added sodium pantothenate for 40 minutes. Coenzvine A in units per gm. 
of fresh weight of slice is plotted against the time in minutes. Slices were incubated 
at 37° in phosphate-saline in an atmosphere of O.. The upper pair of lines is from 


normal ducks; the lower pair from deficient dueks. Values obtained without added 


pantothenate wito added pantothenate 8 


which is similar to pantothenic acid in stimulating coenzyme A synthesis 
in the liver slice (experiment 6, Table I\ 

When liver slices trom deficient ducks are incubated with added panto- 
thenate in an atmosphere of No, a marked fall in coenzyme A concentration 
occurs. Arsenite also depresses the level of coenzyme A in these slices. 
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DISCUSSION 


A lowered pantothenic acid content of tissues from chicks fed a diet 
low in pantothenic acid was first reported by Snell, Pennington, and 
Williams (13). In this and a subsequent report (14) these workers ob- 
served decreases in the pantothenic acid content of tissues from deficient 
ducks of 50 per cent or more. Since it has been shown that substantially 
all of the pantothenic acid found in animal tissues is bound as coenzyme 
A (2), it would be reasonable to expect changes of this magnitude in the 
coenzyme A content of the tissues of pantothenic acid-deficient animals. 


Tarte V 
Effect of Various Factors and Coenzyme A Fission P: ylucts upon Coenzyme A Synthesis 
Vitro Dele rent ick rr rs 
Medium, phosphate-saline; substrate, pyruvate, 5 ma per liter; time, 60 minutes; 


temperature, 37.2°. 


| phase me Additional supp'ement oy 
1 4+ 2° 
2 4 | 60 + 2 
3 + Muscle adenylic acid, 3 mg. per flask 59 
4 4 Coenzyme A, 60 units per 54 + 2 
5 = 0 Alkaline phosphatase-treated coenzyme A a9 + O 
60 units per flask 
6 Alkaline phosphatase-treated, liver-en- 63 + 3 
| | | | zyme-treated coenzyme A = 60 units | 
| | | per flask | 
7 | 2 | + | +4 
8 | 1 | O2 | + | Arsenite, 0.01 x | 2i 


* The deviations are the standard error of the mean. 


Decreases of 50 to 70 per cent in the tissues of deficient rats and ducks were 
found in this study. 

Associated with this decrease in the coenzyme A content of heart and 
liver in both species there ts a decrease in the ability of these tissues to 
metabolize pyruvic acid. The conversion of pyruvate to products other 
than lactate is sharply curtailed in liver slices from deficient ducks and ts 
restored to approximately normal by the injection of pantothenic acid 1 
to 2 hours before sacrifice of the birds. ‘The inject ion ol pantothenate also 
restores the coenzyme A levels to normal. ‘The addition of pantothenate 
in vilro to liver slices from deficient ducks has a barely significant effect 
upon coenzyme A content and an insignificant effect upon pyruvate utiliza- 
tion. The changes in the oxygen consumption of heart and liver slices 
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from deficient rats and Cucks incubated with added pyruvate are not as 
marked as the changes in total pyruvate utilization. These findings of 
changes in pyruvate metabolism of tissues from pantothenate-deficient 
rats and ducks confirm the earlier observations of Lilgrim, Axelrod, and 
Elvehjem (8, 15) with homogenates of liver from Ceficient rats. 

It is known that coenzyme A is essential for the acetylation of aromatic 
amines in pigeon liver extracts (16) and Riggs and Hegsted (17) have re- 
cently found that rats placed upon pantothenic acid-ceficient diets show a 
decreased ability to acetylate injected p-aminolenzoie acid as determined 
by measurement of acetyl-p-aminobenzoic acid in the urine. Decreases 
in the proportion of excreted p-aminobenzoic acid acetylated were found as 
early as 2 weeks after feeding the deficient diet, at about the time the first 
detectable decreases in the coenzyme A content of liver occur and long 
before frank deficiency signs were manifest. It would appear, therefore, 
that the acetylation of aromatic amines is more sensitive to decreases in 
the tissue content of coenzyme A than are other reactions such as those 
concerned in the catabolism of pyruvate. 

Species differences in the sensitivity to dietary restriction of pantothenic 
acid are evident in a comparison of the time required to deplete the tissues 
of the rat and duck of their coenzyme A contents. In the rat, nearly 6 
weeks are required to attain levels which appear to be minimal and resist 
further reduction; in the duck, the period is 5 days. ‘The reason for the 
plateau in the coenzyme level after the initial drop is not completely clear. 
It might conceivably be due to 2 combination of coenzyme-protein com- 
plexes of varying stability, the most strongly bound remaining during the 
period of the plateau, or possibly to the establishment of a final steady state 
of coenzyme A synthesis and destruction due to minimal intestinal syn- 
thesis of pantothenic acid. 

The rapid synthesis of coenzyme A after administration of pantothenic 
acid to deficient ducks resembles the conversion of pantothenic acid to 
coenzyme A in deficient yeast and bacteria (4, 5). The relatively small 
increase obtained with surviving tissue in vitro with added pantothenate 
is evidence for a synthetic system rigidly dependent upon the conditions 
of the living organism for its optimal operation. It is possible that sup- 
plementation of the slice with additional unknown reactants needed in the 
manufacture of the coenzyme would increase the vield. 

Dorfman, Perkman, and Woser (6) and Hills (7) have suggested that 
the action of pantothenate in the oxidation of pyruvate by Proteus morganit 
is chiefly concerned with the acetate phase. The recent studies of Novelli 
and Lipmann (5) on pantothenic acid-deficient yeast indicate more directly 
that coenzyme A is intimately associated with the metabolism of acetate. 
The acetylation of choline in brain, the acetylation of sulfanilamide in 


528 PANTOTHENIC ACID DEFICIENCY 


liver, and the formation of acethydroxamic acid from adenosine triphos- 
phate and acetate (18, 19) are all reactions which require coenzyme A and 
strengthen the inference that coenzyme A is closely linked with acetate 
metabolism. 

Dorfman, Berkman, and Noser (6) also find that pantothenic acid will 
stimulate pyruvate oxidation in Proteus morganti even when acetate ts the 
end-product. Qur results would support equally well the possibility 
that the conversion of pyruvate to active acetate Is a reaction catalyzed 
in part by coenzyme A. Such a possibility is now under investigation 


SUMMARY 


Rats maintained on pantothenic acid-free diets for periods up to 9 
weeks maintain normal coenzyme A content in their tissues for 2 to 3 
weeks and then show a gradual depletion to a level 35 to 40 per cent of 
normal. 

Ducklings show a more rapid depletion of coenzyme A in their tissues, to 
40 per cent of normal, when placed upon a pantothenic acid-deficient 
diet. 

Liver slices from rats and ducks deficient in pantothenic acid show a 
decreased ability to utilize pyruvate. This accompanies a low coenzyme A 
content. 

Injection of pantothenate into deficient ducks results in a large increase 
in coenzyme A in liver and increases the ability of surviving liver slices to 
utilize pyruvate. 

Addition of pantothenate to heart and liver slices from deficient ducks 
results in small but definite increases of eoenzvme A, of the order of 30 
per cent. Normal slices do not synthesize additional coenzyme A under 
these conditions. 

Added coenzyme A and its cleavage products do not increase the 
coenzyme A synthesis in deficient tissue slices any more than their respec- 
tive free pantothenic acid equivalents. 

Nitrogen, arsenite, and glucose interfere with the synthesis of coenzyme 
A in vitro. 


The authors are greatly indebted to Dr. Fritz Lipmann for his constant 
stimulation and helpful suggestions, both during the conduct of the study 
and the preparation of the manus ript. We are also indebted to Miss 
Charlotte Thrall for technical assistance in the performance of these ex- 
periments. 

We wish to thank Merck and Company, Inc., Rahway, New Jersey, the 
Corn Industries Research Foundation, New York, and the Sheffield Farms 
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Company, Inc., New York, for generous supplies of materials used in these 
diets. 
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SYNTHESIS OF CARBOXYL-LABELED TRYPTOPHAN FROM 
HYDANTOIN CONTAINING ISOTOPIC CARBON 


By HOWARD W. BOND 


(From the rimental Biolog Mi licine Institute \ ational Institute of Healt) 
Bi the sd De Maryl tnd) 


(Received for publication, May 8, 1948) 


One of the general methods for the preparation of a@-amino acids is based 
on the reaction of the appropriate aldehyde (1) with hydantoin (II), giving 
the aldehyde hydantoin (III), which is first reduced and then hydrolyzed, 
giving the corresponding @-amino acid (IV). The preparations by this 
procedure of phenylalanine (1, 2), tyrosine (1), and tryptophan (3, 4) have 
been described. 


O 
| 
R—C—H + CH.—C=0 RCH=C C=O 
| | ‘| | | 
HN' ‘NH HIN 

C 
| 
O O 
(11) (111) 


R CH,— CH——-C=O 


RCHLCHNH.COOH 
(IV) 


The use of hydantoin labeled with isotopic carbon in position 4 in the 
synthesis would lead to the corresponding carboxyl-labeled amino acid. 
This has been demonstrated by the preparation of labeled hydantoin and 
its conversion to carboxyl-labeled tryptophan. 

Hydantoin-4-C® was prepared in four steps from isotopic potassium 
| cyanide according to the scheme, potassium cyanide — glycine (V) —-> 

glycine ethyl ester hydrochloride (VI) — hydantoic ethyl ester (VII) —- 
hydantoin (VIITL). 
O31 


{) 
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O 
| N—CH,Cl H,NCH.C800H — 
IN 
O 
——— 
(VID CHs—C¥==() 
HN NH 
(VID 
O 
VIII 


The yield of hydantoin based on potassium cyanide was 57 per cent. The 
yield of tryptophan based on hydantoin was 59 per cent, giving an over-all 
yield from potassium cyanide of 33 per cent. 


EXPERIMENTAL 


Synthesis of Hydantoin Containing Isotopic Carbon 


Isotopic Glyctne—The directions of Sakami, Evans, and Gurin (5) were 
followed exactly. From 2.68 gm. of isotopic potassium cyanide which 
analysis! showed to contain 20.7 per cent excess C™, 1.93 gm. (62.5 per cent) 
of glycine, m.p. 236-237° (decomposition),? was obtaimed. An authentic 
sample of glycine melted at 235° (decomposition). 

Isotopic Glycine Ethyl Ester Hydrochloride—Vhe directions of Harries 
Weiss (6) were followed. The labeled glycine was covered with 10 ml. of 
absolute ethanol and dry hydrogen chloride was bubbled through the mix- 
ture while suspended in a 65-70° oil bath. The glycine slowly dissolved 
during the course of 30 minutes. Alcohol was added to replace that which 
evaporated. Treatment with hydrogen chloride was continued for an 
additional 15 minutes. In practice runs the ester hydrochloride would 
occasionally crystallize during this last period. The mixture was cautiously 
evaporated to dryness on a warm surface, giving 3.49 gm. (98.0 per cent) 
of glycine ethyl ester hydrochloride, m.p. 145.2°. 


Isotope Analysis--kxcess C™. Caleulated, 5.18; found, 5.46, 5.9% 
‘ All Analyses were performed on the consolidated mass spectrometer of the Na 
tional Bureau of Standards. I wish to thank Dr. Fred L. Mohler and his staff for 


these analyses. 
2 All melting points were taken with the same apparatus, except where noted, and 


are uncorrected. 
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Isotopic Hydantoic Ethyl Ester—The directions of Harries and Weiss were 
followed. ‘The labeled glycine ethyl ester hydrochloride was dissolved in 
tml. of water, and to it was added a slurry of 3.0 gm. of freshly prepared 
potassium cyanate (7) in 7.0 ml. of water. The mixture was stirred until 
precipitation started (4 to 5 minutes), and was then cooled at —5° for 2 
hours, filtered, and dried, giving 3.40 gm. (92.4 per cent) of hydantoic ethyl 


ester, m.p. 129.3-129.8°. 
Isotope Analysis—ixcess Calculated, 4.14; found, 4.21, 4.31 


Isotopic Hydantoin— The directions of Harries and Weiss and of Wagner 
and Simons (8) were followed. The labeled hydantoic ethyl ester was 
covered with 15 mil. of 25 per cent hydrochloric acid and evaporated to dry- 
ness on a steam bath overnight, giving 2.67 gm. of crude hydantoin. This 
product was obviously impure, since the yield exceeded the theoretical 
(2.33 gm.) and the melting point, 203-206°, was low. Fortunately, how- 
ever, it Was found in trial runs that this crude material could be used directly 
for the svnthesis of indolylidenehydantoin without recourse to purification 
by alcohol extraction such as that recommended by Wagner and Simons. 

Since in trial runs in which purification was effected, the yield of hydan- 
toin regularly approached quantitative amounts, such a yield is assumed 
here, giving an over-all vield of hydantoin based on potassium cyanide of 
per cent. 


Tsotope Analysts—Excess Calculated, 6.91; found, 6.86, 6.97 


Synthesis of Carboxyl-Labeled Tryptophan 


Isotopic Indolylidenehydantoin—The directions of Shabica et al. (9) were 
followed. The labeled hydantoin was mixed with 3.38 gm. of indole-3- 
aldehyde and 9.0 ml. of piperidine in a 100 ml. flask equipped with a reflux 
eondenser. The flask was lowered into an oil bath maintained at 150° for 
20 minutes. The canary-yellow indolylidenebydantoin which formed was 
suspended in 250 ml. of water, acidified to Congo red paper with acetic acid, 
filtered, and washed with water, giving 5.00 gm. (94.5 per cent) of indolyli- 
denechydantoin, m.p. 314-314.5° (metal block); authentic sample, m.p. 
314°”. 


Isotope Analysis—Exeess C¥. Calculated, 1.73; found, 1.50, 1.62 


[solopic Trolylme thylhydantoin The directions of Elks e¢ al. (10) were 
followed exactly. It was found in practice that the Raney nickel used had 
to be quite active; otherwise the period of hydrogenation was unduly pro- 
longed from the normal 6 hours to about 24, and the resulting product 
melted over a wide range after softening at 218°. Fortunately, however, 
this product gave tryptophan upon hydrolysis. It was presumed that 
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partial hydrolysis occurred during the long contact with sodium hydroxide, 


The yield of indolylmethylhydantoin was 3.57 gm. (71.0 per cent), m.p. 
218°. The yield in practice runs was usually about 90 per cent. 


Isotope Analysis—I:xcess C%, Calculated, 1.73; found, 1.75, 1.76 


Isolopic Tryplophan——Vhe directions of Elks ef al. were followed except 
for two modifications: the indolylmethylhydantoin was hydrolyzed for 40 
instead of 24 hours, and the final product was evaporated to dryness on a 
steam bath instead of zn vacuo. Yield, 2.80 gm. (88.0 per cent), m.p. 268°, 


Isotope Analysis—Excess C. Caleulated, 1.88; found, 1.93, 1.98 


The isotopic tryptophan and unlabeled tryptophan made by the same 
process in practice runs showed full tryptophan activity when tested by 
biological assay.* 


The author is indebted to Mr. Clarence IE. Emery, Jr., for technical 
assistance in carrying out many of the practice runs. 


SUMMARY 


Hydantoin labeled with isotopic carbon has been prepared from isotopic 
potassium cyanide in 57 per cent yield. 

Carboxyl-labeled pDuL-tryptophan has been prepared from the labeled 
hydantoin in 59 per cent yield. 
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URINARY EXCRETION OF NICOTINIC ACID AND 
NI-METHYLNICOTINAMIDE BY RATS FED 
TRYPTOPHAN AND DIETS DEFICIENT 
IN VARIOUS B VITAMINS* 


By PLINIO B. JUNQUEIRA? B.S. SCHWEIGERTE 


(From the Department of Biochemistry and Nutrition, Agricultural and Mechanical 
College of Teras, College Station) 


(Received for publication, May 7, 1948) 


The inability of vitamin Be,-deficient rats and mice to convert dietary 
tryptophan to nicotinic acid and its metabolites has been observed by 
several workers (1-4). Further, when vitamin Bs supplements were given 
to rats previously deficient in the vitamin, the animals usuallv recovered the 
ability to transform tryptophan into nicotinic acid metabolites, although 
the response was apparently influenced by the severity of the deficiency of 
vitamin B, (2-4). Animals fed diets adequate in vitamin Be but differing 
in quality and quantity of protein or in the type of carbohydrate fed do, 
however, synthesize large amounts of nicotinic acid metabolites when 
tryptophan is fed (5—-7).! Considerable speculation has arisen as to the site 
of conversion of tryptophan to nicotinic acid derivatives, particularly as to 
the rdle of intestinal microorganisms and of svnthesis in the tissues of the 
animal. Recent findings have revealed that at least some of the synthesis 
of nicotinic acid from tryptophan can occur within the tissues (8) in studies 
conducted without the complicating effects of intestinal microorganisms. 

This biochemical transformation has stimulated a great deal of interest, 
therefore, not only in the effect of dietary factors on the apparent conversion 
of tryptophan to nicotinic acid, but in the site of synthesis. In the present 
study, experiments were conducted to determine whether rats deficient in 
Vitamins other than vitamin B, were able to convert tryptophan to nicotinic 
acid. The urinary excretion of nicotinic acid and its methylated derivative 


* We wish to thank Helen Keene and Frances Panzer for valuable technical assist- 
ance. 
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chloride, nicotinic acid, biotin, and anthranilie acid, and to Sharp and Dohme for the 
succinylsulfathiazole used in these studies. 

t Graduate fellow from Sao Paulo, Brazil, sponsored in part by the Institute of 
International Education. 

t Present address, Division of Biochemistry and Nutrition, American Meat In- 
stitute Foundation, University of Chicago, Chicago. 

' Schweigert, B. S., unpublished data. 


535 


| 
| 
; 
| 
| 
eat 
ei: 
= 3% 
t + 
Bes 
nga 
2-3 
* 
& 
z 
ba 
44 
4 
ae 
+ 
on 


536 TRYPTOPHAN AND VITAMIN B DEFICIENCY 


was determined when rats were fed adequate diets, diets containing 
succinylsulfathiazole, or diets deficient in thiamine, riboflavin, pantothenic 
acid, vitamin Bs, pteroylglutamic acid (folic acid), or in calories. In 
addition, studies were conducted to determine the effects of feeding L- or 
DL-tryptophan and related compounds on the urinary excretion of nicotinic 
acid metabolites. 


EXPERIMENTAL 


Care of Animals—Unless indicated otherwise, weanling rats of the 
Sprague-Dawley strain were used. They were housed in single cages and 
four rats were used in each group in each experiment. <Atter 3 weeks on the 
experiment two to four of the rats were selected for metabolism studies. 
The procedures used were similar to those employed in earher work (1, 4). 
Quantitative urine collections were made simultaneously tor all groups in 
each experimental series for three or more 2 to 3 day periods when the basa! 
diets were fed, and three or more alternative periods when the basal diets 
plus tryptophan were fed. ‘This sequence of experimentation was varied 
slightly for individual experiments. Food consumption and weight records 
were kept for all animals used in the metabolism studies. 

Composition of Diets—The control diet used was composed of (in per cent) 
purified casein 24, sucrose 67, mineral mixture (9) 4, corn oil 4.7, vitamins 
A and D concentrate 0.3, and the following amounts of B vitamins per 
100 gm.: thiamine 250 y, riboflavin 300 y, pyridoxine 250 y, calcium panto- 
thenate 2 mg., choline 100 mg., inositol 100 mg., biotin 10 y, and synthetic 
pteroylglutamic acid (folic acid) 200 y. The vitamin B-deficient dicts 
were prepared by omitting the appropriate vitamin from the ration. The 
effect of feeding succinylsulfathiazole was tested with diets in which pteroy}- 
glutamic acid was omitted and with diets containing this vitamin. 1 pe 
eent of the drug was added at the expense of the carbohydrate. Details 
of the dietary treatment are indicated for each experiment. 


Results 


Experiment 1. Effect of Feeding Succinylsulfathiazole and Dicts Deficient 
in Pantothenic Acid, Thiamine, Vilamin B,, or Riboflavin—In the first 
experiments the following dietary treatments were used: control diet 
previously described and the diets indicated by the vitamin omitted; 
pteroviglutamic acid (— PGA), pteroylglutamic acid plus suecinylsulta- 
thiazole (— PGA + SS), calcium pantothenate (— PA), thiamine (— B,), 
pyridoxine (— Bg), and riboflavin (— flavin). The sequence of metabolism 
experiments previously indicated was used and the results obtained, either 
when the basal diets or the basal diets plus 100 mg. of pL-tryptophan per 
day were fed, are shown for the last two collection periods in Table I. The 
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gain per week and the average food consumption are shown and are tabu- 
lated for the 3rd to the 5th weeks on experiment, during which time these 
metabolism collections were made. N?-Methylnicotinamide end nicotinic 
acid were determined by methods previously deseribed (1). 

It was necessary to supplement the thiamine- and _ riboflavin-deficient 
groups with small doses of the appropriate vitsmin to prevent death during 
the 4th and 5th weeks. The tryptophan supplement was mixed with the 
daily allocation of food and the food consumption was restricted slightly to 
insure complete consumption of the tryptophan supplement. 


Urinary Excretion oy} Nicotinte Acid and -Methyinicot namide by Rats "ed Diets 


with and without Added Tryptophan and Deficient in Various B Vitamins 
Each rat received the respective basal diets indicated by (—) and the basal diets 
+ 100 mg. of pL-tryptophan per day, indicated by (+) 
Dietary regimen® 
‘ d (ZA Pj — B — 
qgiet PA By Be flavin 
Food consumption p.r day, gm. 10.6 12.0 9,2 6.5 ye ae 3.4 
I N'-Methyinicotinamice ex 343 , 384 | 104.| 252 | 1384 | 461 109 
cretion, per rat per day | 8817 2667 |1218 |1733 | 548 | 275 | 766 
Nicotinic acid excretion, 4 24 7 | 14 
per rat per day O10 320 SO 147 
I] N'-Methylinicotinamide ex - 950 | 613 | 314 | 500 | 247 | 110 | 15! 
Nicotinie acid excretion, 4 2 iz 20 33 14 11 | rf 
per ral per day 25 | 108 13 15; 18 


*See the text for a compiete description of the diets used. 


It will be noted that large amounts of N'-methylnicotinamide and nico- 
tinie acid were excreted when tryptophan was fed to rats receiving the basal 
diet, or the basal diet devoid of added pteroylglutamic acid. The addition 
of succinylsulfathiazole resulted in a considerable reduction in the amounts 
excreted, particularly in Period If. Some reduction was noted when the 
pantothenic acid-deficient diet was fed. However, the excretion of nicotinic 
acid metabolites was much higher than that observed when either thiamine, 
riboflavin, or the vitamin Bg-deficient diet was fed. These findings indi- 
eated, therefore, that rats deficient in factors other than vitamin Bg were 
also unable to convert dietary tryptophan effectively to nicotinic acid 
metabolites. 

An inspection of these results indicated several factors that may be in- 
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volved. It can be seen that the magnitude of the values for nicotinie acid 
derivatives is correlated somewhat with the food intake. This is not 
specific, however, since the food consumption of the — PGA + SS group 
was higher than for the PA-deficient group and the excretion values were 
the reverse. Further, the food intake of the vitamin B,-deficient group was 
higher than for the vitamin B,- or riboflavin-deficient group and the nico- 
tinic acid excretion was the lowest for the vitamin Be-deficient group. 
Similar exceptions to correlations in rate of gain and urinary excretion data 
are readily apparent. Since the vitamins were added to the ration and the 
voluntary food intake varied for each group, the intake of the vitamins, 
z.e. vitamin Bz, which is known to affect the efficiency of this conversion, 
was necessarily different for the different groups. The preliminary effects 
noted when sulfasuxidine was fed were somewhat surprising and groups 
which received pteroylglutamie acid and sulfasuxidine were needed to 
clarify these observations. 

Additional groups in this and later experiments were fed 1 mg. of nicotinic 
acid in addition to the control diet. The growth rates for these animals 
approximated those for the groups fed the control diet without nicotinie 
acid, thus substantiating earlier observations (6) that nicotinic acid supple- 
ments do not increase the rate of growth when 24 per cent casein is fed. 

Experiment 2. Effect of Pleroylglutamie Acid in Counteracting Effect of 
Ingestion of Succinylsulfathiazole and Further Studies on Other Vitamin B 
Defictencies—The results obtained in Experiment I were extended in a 
subsequent experiment which included the following groups: control diet 
fed ad libitum, control diet restricted to the food intake of the vitamin 
B,-deficient groups, control plus SS, control plus SS and restricted food 
intake; the control diet with the following vitamins omitted: pteroylglu- 
tamic acid (— PGA), pteroylglutamie atid plus SS, calcium panto- 
thenate (— PA), thiamine (— B,), pyridoxine (— Bg), and riboflavin 
(— flavin). To eliminate variable consumption of the vitamins by dif- 
ferent groups, the vitamin B supplements were given orally by dropper 
calibrated to provide one-tenth the amounts indicated in the section, 
“Composition of the diets,’ each day. The appropriate vitamin was 
omitted from the supplement and the solutions were refrigerated when not 
in use. Tryptophan supplements were provided in a manner similar to 
that used in Experiment 1, except that 50 mg. of L-tryptophan were fed 
per day. L-Tryptophan was used, since it was possible that the utilization 
of p-tryptophan from pL-trvptophan as a precursor of nicotinic acid may be 
reduced when the vitamin-deficient diets were fed. The results obt vined for 
these studies are presented in Table II. These results are summarized for 
the 3rd to 5th weeks on the experiment, which includes three collection 
periods when the basal diet and three when tryptophan supplements were 
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fed. ‘The values for N'-methylnicotinamide only are included, since the 
relative values for nicotinic acid for this and other experiments are in good 


agreement with the data obtained for N'-methylnicotinamide, the major 


excretory product in the rat. 

Again it was necessary to supplement the vitamin B, and riboflavin- 
deficient groups during the latter phases of the experiment. Although 
restriction of the food intake by the control and control plus SS groups to 
that consumed by the vitamin [B,-deficient group was not completely 
successful, the food intake approximated that of the vitamin B,-deficient 
group (4.6 and 4.2 gm. per day, respectively). It was clear that a reduced 


Tasie I] 
Urinary Excretion of N*-Meth lnicotinamide by Rats Fed Diets with and without 
Additional Tryptophan and Deficient in Various B Vitamins or Calories 
ach rat received the respective basal diets indicated by (—) and the basa! diets 


+ 50 mg. of L-tryptophan per day. indicated by (+) 


N'-Methyinicotinamide excretion, y per rat per day 
(i+ tryptophan) 


per Wa. pore Period I Period II | Period Ul 

t + - + | - | + 

gm gm | | | 
Control, ad lthrtum 12.6 129 | 1210 | 393 | 1175 
“restricted —2 | 4.6| 1041 354| 764 
33 | 12.1 | 354 | 2290 | 7421] 1675 | 691 | 1630 
+ “ restricted —2 | 4.6| 127] 5751 254] 650] 2191 471 
— PGA 28 | 10.0! 333 | 1885 |. 468 | 1280 | 480 | 1415 
| 6.3} 215; 647] 139] 373 | 449; 319 
PA 5 6.5 | 221 | 1015} 275 1280 | 345 | 1280 
— B, —2 | 4.21 1381] 487 | 238| S11 | 331 
— Bs 6.2 | 184} 277 | 232) 275 | 406 


400 | 291 | 594 


— 


food intake did markedly reduce the urinary excretion of N!-methyl- 
nicotinamide. This was observed for both the groups receiving and not 
receiving succinylsulfathiazole. The restricted groups did, however, 
excrete somewhat more N!-methylnicotinamide than did those receiving 
vitamin B,-, Be-, or riboflavin-deficient diets. 

The excretion of N'-methylnicotinamide was again reduced when suc- 
cinylsulfathiazole was fed and no pteroylglutamic acid was added (—PGA 
+ SS). This effect, however, was completely counteracted either by the 
addition of pteroylglutamic acid (control plus SS) or by the omission of the 
succinylsulfathiazole with no added pteroylglutamie acid (— PGA). 
The réle of pteroylglutamic acid in counteracting the effect of feeding 
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succinylsulfathiazole was therefore established. The small increases noted 
when tryptophan was fed to vitamin B,-, Be-, or riboflavin-deficient rats, 
as compared to those when the basal diets were fed, were confirmed. 
Further, the excretion of N'-methyvlnicotinamide observed when tryptophan 
was ingested by the pantothenic acid-deficient group approximated that 
of the control groups. ‘These results were in agreement with those obtained 
in the first experiments and indicated that the methods of B vitamin 
supplementation were not complicating factors. 

After the termination of these experiments, the vitamin Be- and thiamine- 
deficient groups were supplemented with 25 y per rat per day of the ap- 
propriate vitamin and, in suecessive periods of recovery when tryptophan 


Tas.e If] 
Urinary Ercre hon of Nicotinic Acid Vi laboliles rf ie Tn sthion of T) yptophan hy Rata 
Fed Diets Deficient or Adequate in Vitamin Bz and Vitamin B, 


‘I he resu! tsare expresse in lerog? anis per rat per da 


Nicotini Nicotinic 
Dietary regimen 
\ | ficient Vitamin B:-deticient 
t group 
Basa! diet 19.3 220 13.1 
+ tryptophan 10 13.1 26. 
I lovin + 25 y 
diet 38-10 lug 126 13.9 
diet 1 34.¢ 45.7 
+- ryptophan* 52-54 2410 2119 144 


*100 mg. of pL-tryptophan per rat per day. 


was fed, the response was noted in the amounts of N'-methylnicotinamide 
and nicotinic acid excreted. It will be noted that a rapid recovery in the 
ability of the animal to excrete the nicotinic acid derivatives occurred 
(Table IIIT). The results obtained in the pretest period and after supple- 
mentation have been presented in Table pi-Tryptophan was fed in the 
recovery experiments in order to conform to the technique used in previous 
studies on the recovery from a vitamin Be, deficiency (4). The recovery 
noted was not only rapid but similar for both the vitamin Be- and thiamine- 
supplemented groups. 

Experiment 3. Effect of Food Intale-—-It seemed desirable to obtain 
additional information on the effect of the amount of food ingested on the 
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apparent conversion of tryptophan to nicotinic acid metabolites. In 
Experiment 3 groups were fed 6, 8, or 10 gm. of the control diet. Other 
tests included were the control diet fed ad libitum, vitamin Be-deficient, 
and riboflavin-deficient diets. The B vitamins were again provided daily 
by dropper, as previously described. The vitamin Be- and riboflavin- 
deficient groups were selected in order to obtain further comparisons with 


TABLE IV 
Correlation of Excretion of Nicotinic Acid Metabolites with Tryptophan Ingestion, 
Body Weight, and Gain of Rais Fed Various Diets 
Each figure is an average of the results obtained for four co'lection periods when 
the basa! diets were fed and four periods when the basal diets + 100 mg. of L-trvpto- 
phan were fed. Simultaneous urine collections were made for two rats in each group 
during each collection period; consequently the values indicated are averages of 
eight determinations. 


Experimental regimen 


Complete, 
“flavin | Complete, restricted 
Food intake per day, cm .. 10 | 8 | 6 
Rate of .ain, cm. per wh 30 9 | 6.7 
Urinary excretion of N'-meth- 543 3152 322. 1313 127 
ylnicotinamide, y per rat per ~ 156 165 | 480 | 383 
day | | | | | 
Urinary excretion of nicotinic | + 30 36 | 215 178 | 96 
acid, y per ral per day |16 | 40 
Urinary excretion of N'-meth- 4 508 740 1576 2050 1050 1470 
ylnicotinamide, y per 100gm. | — 150 220 «=| 240 244 | 62 | 1i8 
body weight | | | | 
Urinary excretion of nicotinic 30 | 49 | 108 102 | | §0 
acid y per U0 qm hody we ight — 15 22 20 IS | 15 | 17 
Tryptophan ingestion, mg. per + 114 113 135 121 met. 
rat per day 18.7; 14.8} 40.6 | 26.4] 21.1] 15.8 
vinicotinamide, y per mg. of $8.3: 11.8 4.51 3.4 S.7 
ingested ft ploph rr 
Urinary excretion of nicotinic -+- 0.26 0.32 1.59 1.41 0.79 0.61 
acid. + per mg of sted — 1.1 


1.0 
tryplophan | 


groups fed vitamin-deficient or adequate diets, but with comparable food 
intake. In Experiment 3 the tryptophan supplement was increased to 100 
mg. of L-tryptophan per day in order to magnify the differences observed 
in the amount of nicotinic acid derivatives excreted in the urine by groups 
receiving different dietary treatments. 

The results of this experiment are summarized in Table IV for four 
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collection periods made during the 3rd to 6th weeks. The excretion of the 
nicotinic acid metabolites when the control diets were fed is influenced by 
the caloric intake. The amount excreted was not reduced when 10 gm, 
were fed per day, but was considerably reduced when only 8 or 6 gm. were 
fed per day. The amount excreted per day by the latter two groups was 
at least twice that excreted by the vitamin B,- or riboflavin-deficient 
groups, even though the food intake of the vitamin-deficient groups ap- 
proximated 6 gm. per day. 

The excretion of nicotinie acid metabolites by the various groups in 
different experiments has also been compared on a body weight basis, on the 
basis of tryptophan ingestion, and per gm. of food consumed. ‘The results 
obtained for the different groups included in Experiment 3 are indicated 
in Table IV for some of these comparisons. It will be noted that, regardless 
of whether the results are expressed on the basis of the amount excreted 
per day, per 100 gm. of body weight, per mg. of tryptophan consumed, or 
per gm. of food consumed (1), a several fold increase in the effectiveness of 
the conversion of tryptophan to nicotinie acid was obtaimed when the eon- 
trol diets were fed, as compared to the increase when the vitamin-deficient 
diets were fed. The tryptophan content of the casein in the diet was 
determined microbiologically (10). The amount of tryptophan excreted 
as nicotinic acid metabolites when the control diet was fed averaged 2 to 4 
per cent of the intake. 

It may be concluded, therefore, from these experiments that the urinary 
excretion of nicotinic acid metabolites when tryptophan is fed is relatively 
insensitive to the inclusion of sueccinylsulfathiazole in diets containing 
pteroylglutamic acid, to the omission of pteroylglutamic .acid from the 
diets, or to the omission of pantothenic acid. On the other hand, a marked 
reduction in the urinary excretion of nicotinic acid derivatives occurs when 
succinylsulfathiazole is added to diets not containing pteroylgiutamic acid, 
when vitamin Be, thiamine, or riboflavin is omitted from the diet, or when 
the caloric intake is severely restricted. 

Miscellaneous Studies—It was of interest to test the comparative effec- 
tiveness of L- and pL-tryptophan and also of compounds related to trypto- 
phan such as anthranilic acid as nicotinic acid precursors. In these studies 
voung, mature male rats were used (200 to 250 gm. in weight) and the diet 
was the control diet used in the other studies. In most cases the same 
rats were used during different collection periods when L- and pL-tryptophan 
or anthranilic acid was fed. Three or more rats were used in each group 


and the results are presented in Table \.  p-Tryptophan was shown to be | 


active as a precursor of nicotinic acid in each of the tests conducted. It 
may be concluded from these tests that p-tryptophan is utilized essentially 
as effectively as L-tryptophan, while the ingestion of anthranilie acid 
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resulted in @ rise in the exeretion of N'-methylnicotinamide but not in 
nicotinie acid. The results with anthranilie acid are, therefore, not con- 
elusive. ‘Tests conducted with anthranilic acid revealed that it did not 
interfere with the determination of N'-methylnicotinamide. The response 
noted, therefore, may have been due to a metabolite of anthranilic acid 
which was measured as N'-methylnicotinamide or to the production of 
N!-methyInicotinamide. Similar findings were noted when indole was 


\ 
Effect of Ingestion of U-Tryplophan, pL-Tryptophan, or Anthranilic Acid on Excretion 
i? 


and Nicotinte Acid by Rat 


The results are expressed in micrograms per rat per day. 


N Nicotinic N Nicotin ic 
~ | amide acid amide acid 

L-Tryptophan, $0 mg. pt-Tryptophan, 100 mg 
per rat per day per rat per day 
I fasal dict 953 5U 779 50) 
tryptophan 1OS3 113 3890 131 
I] diet 1403 929 bb 
+ tryptophan 2643 
11} diet 240 23 218 39 
+ tryptophan S13 1212 
III-A 220 24 
+- tryptophan” 1269 44 
Anthranilic acid 
j diet 5S7 60.6 
+ anthranilic acid 1ib4 43.2 
II 4 diet 342 34.6 646 46.7 
+ anthranilie acid 1134 , 1795 42.9) 


* Group III-A received 100 mg. per rat per day 


fed (11); however, in this case it was demonstrated that indole itself 
interfered with the determination of N'-methylnicotinamide. 

A summary of the results obtained, when tryptophan and related com- 
pounds were fed, on the urinary excretion of nicotinic acid and N?-methyl- 
nicotinamide shows that compounds related to tryptophan that have been 
tested are either inactive or much less active than L- or D-tryptophan. 
Many investigators have shown that L-tryptophan is active as a precursor 
of nicotinic acid for several animal species (12-18). However, indole- 
propionic acid, indolebutyrie acid, and indoleacetic acid are inactive 
(4, 19), the tryptophan metabolites kynurenie acid and xanthurenic acid 
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are also inactive (2), and kynurenine is either inactive or only slightly 
active (2).! It appears likely, therefore, that none of these compounds is 
the primary intermediate in the rat in the pathway whereby tryptophan is 
converted to nicotinic acid derivatives. The present data do not permit an 
evaluation of the comparative utilization of L- and pb-tryptophan by rats 
deficient or partially deficient in the various vitamins studied. The rela- 
tively smaller increases noted when tryptophan is fed as casein rather than 
as the free amino acid can apparently be explained by the effect of other 
amino acids contributed by the casein in reducing the amount of nicotinic 
acid produced (5, 20). 
DISCUSSION 

The data presented show that several changes in the dietary treatment, 
particularly with reference to the intake of certain B vitamins and calories, 
markedly influence the urinary excretion of nicotinic acid metabolites when 
tryptophan is ingested. It is concluded from the evidence available at the 
present time that at least a part of this conversion occurs within the tissues 
of the animal, but that the magnitude of the response is perhaps influenced 
by the intestinal microorganisms. Microorganisms that normally occur in 
the intestine have been shown to produce nicotinamide in amounts that 
vary with the amino acids present in the medium (21, 22). When trypto- 
phan was incubated with mixed bacterial cultures obtained from rat cecum, 
an increase in the formation of nicotinamide was observed. Certain coli 
strains produce nicotinamide from ornithine, glutamine, and arginine, 
while other amino acids, including tryptophan, either had no effect or 
inhibited nicotinamide synthesis. 

The pathways involved in the transformation of tryptophan to nicotinic 
acid by Neurospora have been studied in some detail (23-25). 

The influence of the intestinal flora on the conversion of tryptophan to 
nicotinie acid does not appear to be the only factor involved, however. 
This observation is based on the following information: (a) tryptophan 
increases the production of nicotinic acid in the developing chick embryo 
(8); (>) a rapid and large increase in the formation of nicotinic acid occurs 
when tryptophan is fed to a wide variety of animals with a wide variation in 
experimental conditions and dietary treatment (1-4, 12-19), and a rapid 
and large decrease in the urinary excretion occurs when tryptophan 1s 
withdrawn from the diet, which is followed by rapid increases when the 
amino acid is again supplied; (c) certain B vitamin deficiencies, but not all, 
result in an ineffective conversion of tryptophan to nicotinic acid; (d) 
intraperitoneal injection of tryptophan results in a considerable increase in 
the excretion of nicotinic acid metabolites, although smaller than when 
tryptophan is given orally; and (e) succinylsulfathiazole in the presence cf 
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dietary pteroylglutamic acid does not reduce the amount of nicotinic acid 
excreted. 

The metabolic mechanisms involved in this transformation that are in- 
fluenced by a deficiency of thiamine, riboflavin, vitamin Be, and pteroyl- 
glutamic acid have not been defined. In view of the large number of 
chemical changes that are apparently necessary for tryptophan to be con- 
verted to nicotinic acid, it may not be too surprising that these vitamins do 
function In enzyme systems at various stages in the conversion. 

It has been shown that a low protein intake reduces considerably the 
riboflavin and protein in the tissues and, as a consequence, the activity of 
tissue enzymes (25-33). It is quite likely, therefore, that restriction of the 
caloric intake, and thereby the protein intake, resulted in a reduction in the 
effective enzyme concentrations In the tissues and was reflected by the 
reduction in the excretion of N?-methylnicotinamide and nicotinie acid 
when tryptophan was fed. Alternatively, the tryptophan supplements 
may have been utilized as a source of calories when the food intake was 


restricted. 
SUMMARY 


The amount of nicotinic acid derivatives excreted by rats fed tryptophan 
in addition to purified diets deficient in thiamine, riboflavin, pantothenic 
acid, pteroylglutamic acid, or vitamin Bg has been determined. 

The urinary excretion of nicotinic acid metabolites when tryptophan was 
fed was relatively insensitive to the inclusion of succinvisulfathiazole in 


diets containing pteroviglutamic acid, to the omission of pterovighitamie 


acid from the diet, or to the omission of pantothemie acid. Conversely, a 
marked reduction in the urinary excretion of nicotinic acid occurred when 
succinylsulfathiazole was added to diets not containing pterovigluitamic 
acid, and when vitamin Bs, thiamine, or riboflavin was omitted from the 
diet or when the caloric intake was severely restricted. ‘The implications of 
these results are discussed. 

p-Tryptophan can be effectively utilized by rats fed adequate diets and a 
summary 1s included of the results obtained on the urinary excretion of 
nicotinic acid metabolites when compounds related to tryptophan were 
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The growth and multiplication of malarial parasites zn vitro have been 
described in previous papers of this series (1, 7). Cytological examination 
was mainly employed as a criterion of growth and multiplication in these 
studies. When attempts were made to assay the essential nature of the 
various components of the medium employed, it became apparent that, a 
study of chemical and metabolic changes in addition to cytological observa- 
tions might permit a better evaluation of the rdle ot certain individual 
nutrients in the growth process of the parasite. We therefore undertook 
this study of the chemical and metabolic changes occurring during the 
growth and multiplication of the malarial parasite. In order to establish 
the normal pattern, values for parasites undergoing growth and multiplica- 
tion within the host are first presented. Values are then given for parasites 
grown in vilro. The results to be described indicate that parasites grown 
in vitro, even on our complete medium, differ in some aspects of their 
metabolism from those grown within the animal body. 


The general procedures for handling and inoculation of monkeys with 
Plasmodium knowlest, the drawing of blood samples, the counting of blood 
cells and parasites, and their evaluation have been described in Paper VII 
of this series (7). 

Methods for the determination of glucose and lactate and measurement of 
oxygen consumption were the same as those described in Paper VI of this 
series (13). Lactate consumption is calculated by assuming that each 
glucose molecule that disappears yields 2 molecules of lactate. From this 
figure, the amount of lactate that actually accumulates is then subtracted. 

Inorganic, acid-soluble, 15 minute-hydrolyzable, and total phosphorus 
analyses were made by the Fiske and Subbarow method (6) with semimicro 


* The work described in this paper was done under a contract recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the President and Fellows of Harvard College during the years 
1944-45 
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quantities of materials. The difference between total P and the sum of 
acid-soluble P and phospholipide P is expressed in our tables as nucleic acid 
phosphorus. We recognize that this fraction may contain some phospho- 
protein. We believe, however, in the case of the parasitized cell, that no 
great error arises in treating it as all nucleic acid phosphorus in our dis- 
cussions. 

Flavin-adenine dinucleotide was determined by means of its ability to 
restore oxygen consumption to a coenzyme-free D-amino acid oxidase 
system in the manner first described by Warburg and Christian (22). A 
sample of flavin-adenine dinucleotide kindly supphed by Professor War- 
burg was used as a standard, the purity being checked by us spectrophoto- 
metrically, using the 8 value (cf. (2)) at \ 450 my as equal to 2.60 & 10’, 
The cells from 4 ce. of whole blood were used for analysis. ‘The cells were 
centrifuged off, the serum discarded, and the cells laked with 6 ce. of water. 
Since the serum contained very little flavin-adenine dinucleotide, washing 
of the cells before laking was omitted. The mixture of laked cells was then 
placed in a water bath held at 90° and stirred intermittently for 10 minutes. 
The mixture was then promptly cooled to room temperature and centri- 
fuged, and the supernatant decanted. ‘The residue was washed with 3 ce. 
of water and centrifuged, and the supernatant pooled with the first 
extract. This process was repeated twice more, and the combined super- 
natants evaporated to dryness in a vacuum desiccator in the cold room. 
The dry residue so obtained was extracted with water Just before analysis, 
and made up to a total volume of 2.0 ec. An aliquot of 0.5 ec. usually 
sufficed for a determination. 

The analytical methods employed in the assay of the lipide fractions were 
modifications of existing techniques. To permit duplicate estimations of 
total fatty acids and phospholipide phosphorus, it was found essential to 
increase the sensitivity of the techniques. ‘The methods to be described are 
designed for 1.5 to 3.0 cc. samples of blood. Best results are obtained when 
the degree of parasitization is greater than 5 per cent, since at lower levels 
the differences between samples of parasitized cells and normal cells do not 
permit an accurate evaluation of the portion contributed by the parasites 
themselves. 

Lipide extraction is performed by centrifuging the blood samples (1.5 to 
3.0 cc.) and discarding the plasma. Care must be taken not to disturb the 
surface of the packed cells, since it is in this stratum that the lighter, lipide- 
rich cells predomin ite. The cells are washed with 4 volumes of e-cold 
0.85 per cent saline, recentrifuged, and the supernatant again discarded. 
The cells are then transferred to special extraction vessels, prepared from 
narrow necked, round bottomed centrifuge tubes calibrated at the neck to 
contain 50 cc. The transfer is made with a Pasteur pipette, and the cells 
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adhering to the pipette and centrifuge tube are washed into the extraction 
vessel with a minimum of distilled water (two 0.1 cc. portions are adequate). 
About 30 cc. of 3:1 alcohol-ether mixture are then added rapidly, and the 
vessel stoppered and shaken vigorously. ‘This procedure generally yields a 
fine, easily extracted suspension. If large, gummy clots form, they must be 
thorough!y broken up with a ball-ended stirring rod. The vessel is filled 
to the mark with alcohol-ether mixture and shaken at intervals for about an 
hour. Control experiments indicate that the extraction is complete after 
this time interval. Warming the tube is not required. The extract can 
now be filtered throug) fat-free filter paper into 125 cc. Erlenmeyer flasks 
with the usual precautions against evaporation. As an alternative, the 
vessels may be centrifuged sharply and aliquots removed directly. The 
volume contribute! by the solids of the red cell is less than 1 per cent of the 
total volume and ts disregarded in the calculations. 

In the method for the determination of phospholipide phosphorus the 
reagents of Fiske and Subbarow (6) are employed. Duplicate 3 ce. aliquots 
of the total lipide extract are pipetted into 10 ce. calibrated test-tubes. 
These are placed in an ammonium sulfate-sulfurie acid bath (12) and the 
solvents are evaporated off. Then 0.4 ec. of 1O.N sulfurie acid is added and 
the temperature of the bath slowly raised to about 120°, at which point a few 
small drops of fuming nitric acid are added down the side of the tube in 
such a manner as to wash the walls. The temperature is allowed to rise to 
190°, but not above 200°. If charring stil 


persists, another drop or two 
of concentrated nitric acid are alded. The t 


ube must remain in the bath 
at this temperature until no further oxides of nitrogen can be detected. 
The tube ts coole |, its contents diluted to about 8 ec., swirled to mix, and 
0.3 cc. of ammonium molybdate solution added. After mixing again, 04 
ec. of the aminonaphtholsulfonic acid reducing mixture is added. The 
contents of the tube are mixed at once, diluted to 10 ec., remixed, and, 
after standing for a minimum of 15 minutes, read in a Klett-Summerson 
photoelectric colorimeter. A reagent blank containing all the above com- 
ponents with the exception of phosphate is run as a base-line for the caleula- 
tions. The standard tube for comparison contains 0.0200 mg. of inorganic 
phosphorus. 

For the determination of total fatty acids, duplicate 15 ce. aliquots of 
the total lipide extract are pipetted into 50 cc. Erlenmeyer flasks. The 
solvents are evaporated off onasteam bath. 2 ec. of 1 N alcoholic are 
added, and the lipides saponified by heating on the steam bath for 45 
minutes. If more than half the alcohol is lost during this process, the 
volume is brought back to about 2 ec. After saponification the solut on is 
transferred quantitatively to large test-tubes (about 25 * 200 mm.) and 
the solvent evaporated in a boiling water bath. While the contents of the 
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tube are still warm, 2.5 cc. of 1 N sulfuric acid are added. After shaking, 10 
ec. of petroleum ether are added to extract the fatty acids. The tubes are 
placed in the refrigerator and allowed to stand overnight. During the 
storage period, sodium sulfate may precipitate. Extraction periods up to 
3 days were shown not to yield any higher results than those obtained by 
this procedure. 

The petroleum ether extract is now washed thoroughly by rinsing down 
the sides of the tube six times with distilled water. The aqueous phase is 
removed as completely as possible after each rinse by means of a long 
eapillary tube of about 1.5 mm. outside diameter, attached to an aspirator 
and reaching to the bottom of the tube. After the final rinse, the tube is 
removed and rinsed off with petroleum ether. The capillary tube should be 
full of water during removal to prevent loss of the petroleum ether phase by 
eapillarity. The petroleum ether is evaporated off and the residuum is 
dissolved in 5.0 ec. of 95 per cent ethyl alcohol redistilled from NaOH 
pellets. A uniform sized drop of alcoholic phenolphthalein is added as 
indicator along with 0.5 ce. of distilled water. High and variable blank 
titrations occur in the absence of the addition of this quantity of water. 
The alcoholic solution of fatty acids is then titrated with 0.05 Nn NaOH, by 
use of a 1 ml. burette with a long capillary tip which reaches below the sur- 
face of the alcoholic solution. In analyses for the fatty acids in the red 
cells from 3.0 ec. of blood with a normal hematocrit, the total titration 
varies between about 0.09 and 0.20 cc., depending on the degree of parasiti- 
zation. 

Hemoglobin and hematin contents of normal and parasitized cells were 
determined by a spectroscopic method with the Beckman quartz spectro- 
photometer. Hemoglobin was determined on samples of cells laked in 
distilled water, while total hematin was determined by laking with alkaline 
alcohol (0.04 gm. of potassium hydroxide in 80 ee. of ethyl alcohol). The 
exact procedure of measurement varied with the type of experiment to be 
performed and will be described in more detail in presenting the results. 


Results 


Chemical and Metabolic Changes Occurring during Growth and Multtplication 
of Piasmodium knowlesi in Vivo 


It is necessary to express our results in terms of a unit amount of red 
cells throughout, since it is with this component of whole blood that our 
results deal and a wide fluctuation of plasma to red cell volume is en- 
countered from one blood sample to another. We have chosen as our unit 
5 X& 10” total red blood cells, parasitized and normal. ‘This is the number 
of cells present on the average in 1 liter of normal whole blood. This unit 
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permits the results to be expressed in mM or mg. as whole numbers. The 
expression of results in terms of a number of red cells rather than per volume 
of red cells facilitates the calculation of results per parasitized cell, since the 
parasite count is expressed in percentages. Hematocrit readings are, 
however, also given so that if the need arises calculations on this basis may 
be made by the reader from the data. The hematocrits and red cell counts, 
however, show agreement in the extent of their changes usually to within 
+5 per cent. ‘The general conclusions to be drawn will not be markedly 
affected, therefore, by the method of expression of the results. 

Results have also been expressed in the 7n vivo experiments in terms of 
5 X 10" parasitized cells. These figures have been calculated according to 
the following formula. 


mm/5 X 10" parasitized cells 


X 10" tot al cells (ma /5 10 normal cells x % unparasitized cells) 
: ©} parasitized cells 


In this calculation, we have assumed that, in a sample of parasitized blood, 
the unparasitized cells have the same chemical properties as those in a 
normal blood sample. We have no proof for this assumption. 

In Tables I and II, the results of experiments are given which were 
designed to follow changes in the various components and metabolic rates 
under study as the number of parasites increased. In these experiments, 
a sample of blood was withdrawn from a monkey just before inoculation 
with Plasmodium /nowlesi. Samples were again drawn at appropriate 
times atter the parasitemia was well established as shown by hematological 
evaluation of samples of ear blood. Attempts were made to select infected 
animals in which the asexual stages of the parasites were ‘“‘in step,’”’ and to 
draw samples at approximately the same point in the daily cycle so that 
parasite size would remain nearly constant throughout. 

In Table III, the results of experiments are given which were designed to 
follow the chemical changes that occur as the parasite grew from young 
forms to old. Considerable changes also occurred in parasite numbers 
during the interval between the collection of the two blood samples. In this 
experiment, therefore, the values calculated for parasitized cells are a truer 
index of the changes occurring as a result of parasite age alone. In making 
these calculations, we have used the average values for normal monkey 
blood given in the foot-note to Table III, since no normal blood samples 
were withdrawn from the animals used in these experiments. 

The results presented in Tables I to III may be best considered together. 
The most striking changes have occurred in the rates of utilization of 
oxygen, glucose, and lactate. The data in Tables IT and IJ show that a 25- 
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to 35-fold increase in the rate of both glucose and oxygen consumption 
occurs as the parasite count rises from 0 to 45 or 50 per cent. The data in 
Table IIT indicate that the rate of utilization of these two substances has 
doubled or tripled during the growth period under observation. It 1s to be 


TABLE | 
Chemical and Metabolic Changes Occurring in Red Blood Cells As Number of Parasites 
Increases in Vivo 


Monkey 71; 5.6 kilos; infeeted with Plasmodium knowlesr. 


11.30 a.m., Jan. 2, 1945 10.00 a.m., Jan. 8, 1945 12.00 noon, Jan. 9, 1945 


Blood sample, cc 13 13 | 120* 
Red cells, per c.mm. $5.26 X 105 4.84 X i106 2.70 X 108 
White cells, per c.mm.. 9800 11,090 
Parasites, %.... 17.3 45.0 
Trophozoites, early. ; | 49.0 41.5 
15.0 26.0 
Segmenters...... | 4.0 3.5 
Total Parasitized Total Parasitized! Total Parasitized 


mM per hr. per 5 X 10" cells 


QO, consumption..... 0.60 | 5.65 29.8 17.0 
Glucose consumption.... 0.53 4.87 | 15.43 33.0 
accumulation, .. 6.03 | 17.06 
mem per 5 X cells 
Fatty acids... 4 19.7 11.8 20.4 
Acid-soluble P 6.50 5.9 6.6 
15 min.-hydrolyzable P 1.30 1.45 2.0 3.1 
Phospholipide P. 1.83 6.5 4.2 7.0 
Meg. per 5 10!? cells 
Flavin-adenine dinucle- | 
otide..... 0.2] 1.62 | 0O.98 1.91 


* Terminal. 
noted that in all cases the ratio of the rate of utilization of oxygen to 
glucose on a millimolar basis is approximately unity. Since the complete 
combustion of 1 mm of glucose to CO, and H.O requires 6 mM of oxygen, it 1s 
obvious that complete combustion in these experiments can account for an 
amount of glucose equivalent to only one-sixth of the total that disappears. 
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The figures for lactate accumulation indicate that a large part of the glucose 
utilized can be accounted for by this glycolytic product. It may be cal- 
culated from the data given that 54 to 82 per cent of the glucose that 
disappears in heavily parasitized blood appears as lactate. If we add to 
TABLE II 
Chemical and Metabolic Changes Occurring in Red Blood Cells As Number of Parasites 
Increases in Vivo 
Monkey 78; 6.3 kilos; infected with Plasmodium knowlest. 
| | 10.55 a.m., 11.90 a.m., 
Blood sample, cc............ | 12 14 109 * 
Red cells, per c.mm.........| 6.08 X 108 5.23 X 108 3.80 X 108 1 56 X 108 
Hematocrit, %...... oe 426 35.6 28.4 12.0 
Parasites, % 4.2 16.8 50.0 
Rings ion 0.0 1.0 2.0 
Trophozoites, early 60.0 wea 44.0 
= late. | 27.0 48.5 43.5 
Schizonts 9 10.0 7.3 
Segmenters...... | 1 0.5 1.0 
. Para- | | Para- Para- 
Total | sitizead | TOt@! | sitizead | TO! | sitized | | sitized 


mm per hr. per 5 X 10” cells 


QO, consumption oe 1.07 | 5.72 | 5.20 | 26.7 | 21.82 | 42.8 
Glucose consumption 0.5] 1.28 | 18.8 | 7.90 | 44.9 | 18.14 | 30.8 
Lactate 0.0 + 0.0 | 0.0 | 2.78 | 16.6 | 9.97 | 19.9 

S accumulation 1.02 2.56 | 37.6 13.02 | 72.4 | 26.31 | ol.@ 


mM per 5 10! cells 


Fatty acids 3.9 1.6 20.7 | ] 17.9 

Total P 7.9 9.6 57.2 10.7 |} 26.8 | 24.4 141.3 

Acid-soluble P 1.77 5.59 | 25.5 | 5.86| 11.4 | 9.45] 14.1 

Nucleie acid | 0.90 | 10.4 19.9 

Mg. per 5 X 10? cells 

Flavin-adenine dinu- | 0.14 0.27 | 3.33; 0.40; 1.67); 1.12 | 2.10 
cleotide | | | | | | 


this the 17 per cent reacting with oxygen to form CQ2, we can account for 
71 to 89 per cent of the glucose utilized by these various bloods. The 


pattern of carbohydrate metabolism in Plasmodium knowlesi thus resembles 
that found for Plasmodium gallinaceum by Silverman et al. (18). 
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TABLE III 


Chemical and Metaboltc Changes Occurring in Red Blood Cells As Parasite Size 
Increases in Vivo 


Monkey 86; 6.1 kilos | Monkey 98; 4.4 kilos 
4.20 p.m., | 1.00 p.m., 10.00 a.m. 9.00 p.m 
Apr. 11, 1945 | Apr. 12, 1945 June 12, 19 June 12, 1945 
Blood sample, cc... .. 110* 7 7 
Red cells, per c.mm. 3.45 108 2.08 X 108 | 3.81 108 2.37 
White cells, per c. mm, ‘ 13,200 14,400 | 34,400 38,700 
Hematocrit, 28.0 15.5 32.3 21.3 
Parasites, % 33.7 47.8 47.4 34.4 
eee 41 6 4 2 
Trophozoites, early... 52 27 RR 16 
late. 3 40 71 
Schizonts. .. te 2 25 2 4 
Segmenters. 2 2 i 0.5 
Para- Para- | Para- | Para- 
| Total sitizedt Total Sitizedt | Total sitizedt Total sitizedt 
mM per hr. per. 5 X cells 
O, consumption | 6.48 | 17.9 | | 16.70 34.2 §.78 | 17.8 17.95 | 51.0 
Glucose consumption 6.44 117.9 | 14.14 28.9 1 22.3 18.27 | 352.0 
accumulation 8.05 21.5 15.21 30.5 |} 31.9 1 40.8 
mM per > cells 
Fatty acids | | 11.8 19.7 10.0 20.1 
Total P 1 200 1 22:36 126.3 i440 1) 32.4 
Acid-soluble P 7.18 | 8:36 8.48 | 10.5 7.10 7.67 7.6) 9.57 
15 min.-hydrolyzable 1.7! 2.46 7 1.68 09 
P 
Phospholipide P 4.4 7.1 5.7 8.3 
Nucleic acid ‘ 2.5 | 5.3 2 9.5 | 18.7 4.6 8.5 8 | 14.5 
Meg. per 5 10" 
Flavin-adenine dinu- 0.54, 1.28 0.84 i: 0.98: 0.83 2.15 


cleotide 


+ The values for parasitized cells were calculated according to the method given 
in the text, with the following values for 5 normal red cells: O, consump. 
tion 0.70; glucose consumption 0.60; lactate consumption 1.20 mam per hour; fatty 
acids 4.7, total P 9.61, acid-soluble P 6.60, 15 minute-hydrolyzable P 1.31, phosapho- 
lipide P 1.91 mm; flavin-adenine dinucleotide 0.17 mez 


On the basis of the values calculated for 100 per cent parasitized cells, 
it becomes obvious that each parasitized cell may use from 25 to 75 times 
the oxygen and glucose required by a normal red blood cell. The parasitized 
cell also, as noted before (13, 23), utilizes lactate, which the normal cell 
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does not appear to do to any great extent. Even so, it is obvious from the 
data presented here that the metabolism of glucose by the parasitized cell is 
predominantly of the anaerobic type, such as is found in the normal red cell. 
Indeed, as shown earlier (1), 1t 1s possible for Plasmodium knowlest to grow 
and multiply zn vz/ro under practically anaerobic conditions. 

In the various chemical components that have been studied, there is 
4 definite increase in all of them, with the possible exception of acid-soluble 
phosphate, as the parasite number or size increases. The total phosphorus 
value of the cells from highly parasitized samples is double or triple that of 
normal cells. As might be expected, the greatest part of this increase is to 
be found in what we have chosen to call the nucleie acid phosphorus fraction 
(see ““Methods’’). In the normal cell, this fraction constitutes, on the 
average, only about 11 per cent of the total P. In the parasitized cell, it 
comprises from 28 per cent of the total, when the parasites are very young, 
to as high as 6f per cent, when the parasites are fairly well developed. 
Part of the increase in total P is due to an increase in the 15 minute-hydro- 
lyzable fraction. If, as is customary, we assume that the chief component 
in this P fraction is adenosine triphosphate, then the data show that the 
parasitized cell contains between 2 and 4 times the amount of this high 
energy phosphate compound as does the normal red cell. In view of the 
fact that glucose utilization by the parasitized cell is 25 to 70 times that of 
the normal cell, either there must be a more rapid turnover of adenosine 
triphosphate in parasitized cells, or some other energy transfer mechanism 
is present. 

An increase in the phospholipide P also contributes a share to the increase 
intotal P. It may be caleulated from the data in Tables I to III that the 
parasitized cell contains 2.8 to 4.4 times the phospholipide P found in the 
normal red cell, the range representing the difference between young and 
old forms. Concomitant with the increase in phospholipide P, there is an 
increase in fatty acid content. The increase in fatty acid content parallels 
the phospholipide P changes, so that the ratio of mm of fatty acid to mm of 
phospholipide P tends to remain within the range of 2.5 to3.0. This aspect 
will be dealt with again in a later section. 

The changes in the acid-soluble P fraction of parasitized cells are not 
uniform in the various experiments. The data in Table I show little change 
in this P fraction. Small increases over values for normal red cells may be 
observed in the data given in Tables II and III. The acid-soluble P 
fraction includes only organic phosphate. Values for the 15 minute- 
hydrolyzable fraction, as mentioned above, rise with parasitization of the 
red cell. The inorganic phosphate content of the red cell tends to decrease 
upon parasitization (13). In many normal cells, glycerol phosphates com- 
prise a large portion of this P fraction, as shown by Rapoport and Guest 
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(15). It séems hkely that changes in this component may be responsible 
for the variation in results observed here, but we have no data bearing upon 
this point. 

fhe remaiming component that was studied 1s flavin-adenine dinucleotide, 
The concentration of this respiratory coenzyme also rises as the parasite 
size or number increases. From the values calculated in the various tables. 
the parasitized cell is seen to contain from 6 to 15 times the amount of this 
coenzyme that 1s found in a normal red cell. As stated above, the respira- 
tion rate of the parasitized cell is 25 to 75 times that of the normal cell, 
There is thus not a direct relation between the increases in this coenzyme 
and respiratory rate. The fact that the content of flavin-adenine dinucleo- 
tide is increased in the parasitized cell is suggestive that it plays a rdle in the 
parasites’ economy. ‘This raises the question of the relation of the action of 
atabrine to the functioning of this coenzyme. Attempts (S, 10) have been 
made to correlate the action of atabrine with an inhibition of enzyme 
systems whose coenzyme is flavin-adenine dinucleotide. The concentra- 
tion of atabrine needed, however, to inhibit such enzyme systems Is some- 
what higher than is needed to suppress parasite growth zn vivo. In view of 
the findings reported here, it seems possible that atabrine may tunction by 
blocking the synthesis of this coenzyme rather than by competing with it 
for the enzyme molecule. 


Chemical and Metabolic Changes Occurring during Growth and Miultiplication 
of Plasmodium knowlesit in Vitro 


Oxygen Consumption—One of the most striking changes that occurs in red 
blood cells as they become parasitized is the increase in oxvgen Consump- 
tion. As pointed out above, for parasites grown in vivo this change is 
readily noticeable whether the size of the parasite or the number of parasites 
per unit number of cells increases. For parasites grown im vilro, we have 
consistently failed to detect such a concomitant increase in oxygen con- 
sumption with increase in parasite size or number. ‘The results of repre- 
sentative experiments are presented in Table IV. Oxygen consumption is 
expressed in mM per hour per 5 & 10” cells so as to be directly comparable 
with the zm vivo experiments and to cancel out the fluctuations in total red 
cell count that occur in the rocker perfusion type of culture apparatus used 
in these experiments. The culture medium employed in’ Experiments 
R.P.A.-9-3, 43, and 57-1 is that given in Paper I of this series (3) and con- 
tained proteose peptone. In Experiment R.P.A.-57-4, both proteose 
peptone and p-aminobenzoic acid were employed, while in Experiment 
R.P.A.-58, only the latter was included, at a concentration of 10 y per cent. 
Otherwise, the composition of the medium was the same in all experiments. 
From the zn vivo experiments reported above, the increase in oxygen con- 
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sumption should be about the same as the increase in parasite number. 
Thus, in Experiment R.P.A.-9-3, a 3-fold increase in oxygen consumption 
migit be expected to occur at the end of the experiment, when the parasite 
percentage had increased from 13.2 to 44.3. The oxygen consumption has, 
however, changed but little throughout the experiment. The only in vitro 
experiments in which an increase of oxygen consumption was observed 
were Experiments R.P.A.-57-1 and 57-14 reported in Table IV. It is to be 
noticed that the multipheation of parasites in both of these experiments was 
less than 2-fold and they are therefore decidedly below par from this stand- 
point. In lexperiment R.P.A.-57-4 the inclusion of both proteose peptone 


TABLE IV 


Respiration Parasites (Plas‘nolium knovlesi) Growiain Vitro 


Blood count 


t me pe ht Per cent parasites 
Red blood 
millions 
he P71 
n.? .A.-9-3 96 16.86 €2.3 | 0.5 
5.3 3. S0 132.8 | 12.0) 2.0 
22.0 | 23.0 | 24.9 | 33.0 4.0 
10 1.7 SY 27.0 | 29.0 | 24.0 | 30.0 7.0 | 
14 4.6 13 0.6 | 43.5 | 41.0 2.9 
5 14.3 4.5 46.0 2.0 
n.P.A.-43 () 1.78 2 6 0) 64.0 | 35.0 
}.19 5.57 4.4 30.0 | 56.0 4.0 
oo 2.00 1.07 11.8 o.0 | 54.0 1 22.0 IS.O 
2:3 1.16 13.0 3.0 | 58.0 | 28.0 o.0 2.0 
R.P.A.-58 () 1.87 1.33 4.60 3.0 | 86.0 7.0 2.0 
- 22.3 1.03 13.2 2.0 | 94.0 3.0 


and p-aminobenzoic acid in the medium may be a contributing factor to 
these findings. 

We have no explanation for this failure of parasites grown in vilro to 
increase their oxygen requirements other than to postulate that our culture 
conditions are not satisfactory for aerobic growth of the parasites. We 
have shown previously (1) that parasites can grow and multiply zn vitro 
under nearly anaerobic conditions. It is possible that in our culture 
experiments in which the glucose concentration 1s maintained at high levels 
(250 mg. per cent) the parasites elect to obtain most of their energy by 


anaerobic processes. On the other hand, a contributing cause may be a 
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lack of certain heavy metals or other components in our medium that are 
needed for the formation of the respiratory enzymes of the parasite cell. 
Certainly the lack of hemin seems an unlikely cause (see below). 

Glucose and Lactate Metabolism and Phosphorus Fractions—In Table V 
are presented data on the changes in glucose and lactate metabolism and on 
phosphorus fractions which occur in normal and parasitized blood eultured 
for 21 to 24 hours zn vitro by the rocker perfusion technique described in 
Paper VII of this series (7). A comparison with the data obtained on 
parasites grown in vivo indicates that a somewhat different pattern exists 
in the zz vitro experiments in the case of the phosphorus fractions. There 
occurs uniformly a drop in the total acid-soluble phosphorus of the red cells 
of parasitized blood during the cultivation period. ‘The magnitude of this 
fall varies from experiment to experiment and may even occur during incu- 
bation by the same technique of normal blood, as indicated by the data for 
Experiment R.P.A.-60-3 given in Table V. This decrease in total acid-solu- 
ble phosphorus is re‘lected in the values tor total organie P which show less 
change than those observed in the case of parasites grownin vivo. However, 
in three of the four experiments for which data are presented in Table V some 
increase in total organic P occurred in spite of the drop in the acid-soluble P 
fraction. ‘There is thus a definite increase in acid-insoluble orgame P 
(phospholipide + nucleic acid P) during growth and multiplication of the 
parasites in vitro. As in the case of the parasites grown in vivo, the 15 
minute-hydrolyzable P fraction also increases as the parasite number 
increases. The chief difference between the parasites grown in vivo and 
in vilro thus lies mainly in the acid-soluble fraction. This suggests that 
parasites grown in vilro may make more use of the acid-insoluble phos- 
phorus fraction of the red cell to synthesize their needed phosphorus com- 
pounds than do parasites grown in vive. 

The data for glucose and lactate utilization indicate that the growth and 
multiplication of parasites zm vitro are also accompanied by an increase in 
the metabolic rates of these two compounds. The data on glucose and 
lactate utilization presented in ‘Table V were obtained by two different 
techniques. In Experiments R.P.A.-41, 60-3, 40-1, 60-2, the data were 
obtained by an analysis of the culture medium before and after its passage 
through a cellophane tubing immersed in the parasitized blood sample. 

In the rocker perfusion technique, which has been fully described elsewhere 
(7), about 1 cc. per minute of nutrient fluid flows through approximately 15 
ec. of blood. The effluent fluid in these experiments was collected under 
paraffin oil and toluene. At the times stated in Table V, the contents of 
the collecting bottle were removed and we!l mixed, the volume determined, 
and glucose and lactate determinations made. At the same time, a blood 
sample was also taken for glucose and lactate analysis. The glucose con- 
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tent of the inflowing medium was also determined. Since the volume of 
blood and its red blood cell count were also known, the average hourly 
utilization figures given in Table V were calculated for each of the time 
intervals represented there. The utilization values obtained by this 
technique reach much higher levels than those given by the tonometer 
technique. This seems to be especially true for values obtained for the 


TaBLE V 
Changes 1n Glucose and Lactate Utilization and Phosphorous Fractions during Growth 
of Plasmodium knowlest in Vitro 


Phosphorus | Utilization 
Experiment Time Parasites 4S. min.-| Acid- | | 
| oe, | soluble | hydro- | insoluble, Glucose | Lactate 
oo organic | lyzed | organic 
hrs, per cent | mM per 5 & cells | 
R.P.A.-dI 0 5.5 | 0.51 | 0 
24 = | 14.7 8.33 | 6.4 | 0.62 | 0 
R.P.A.-60-3 0 11.1 6.54; 1.34) 4.6 | 0.461] 0 
21 0 9.8 1.97 | 1.08} 4.8 | 0.69/0 
2.P.A.-40-1 0 5.0 13.5 6.56 6.9 | 2.40 | 1.10 
23 22.6 | 14.3 | 4.49 9.8 | 5.15 | 2.01 
R.P.A.-60-2 6.07 1.19 | 5.0 2.26 | 3.59 
2) 7.0 12.2 1.27 | 1.22| 7.9 | 2.41 | 3.15 
4.5 6.8 3.11 | 3.40 
8.5 17.2 | 3.46 | 3.40 
22 20.4 3.92 | 1.48 | 13.90 18.40 
4.5 0.6 | 2.95 | 3.84 
10 16.1 | 4.03 | 4.94 
23 12.6 |11.1 | 5.50] 1.71! 5.6 | 4.27] 0.96 
R.P.A.-38-1 0 1.3 0:0 | 6441 0.07} 
4 5.0 | | 
10 12.0 | | 14.2 [24.3 
22 23.0 14.2 6.10; 2.21 8.1] 20.4 (26.7 


“Values calculated from analysis of the culture medium before and after its per- 


fusion {| rough the culture the text 


periods just after segmentation and reinvasion have occurred. We have no 
explanation for this pronounced difference in results. As far as we could 
ascertain, there was no bacterial contamination of the collected perfusion 
fluid. The chief difference in the two techniques lies in the fact that in one, 
the analysis of the perfusion fluid, the metabolism of the parasites during 
segmentation and reinvasion is measured. In the other, metabolism is 
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measured only during a short period in which the parasite population is 
static. Whether this fact can account for the large differences observed 
must await further experimentation. The observations of Velick (21) 
are of interest in this connection. He showed that the oxygen consumption 
of Plasmodium cathemerium is greatly accelerated when nuclear division 
begins and concomitantly the respiratory quotient increases. 

One point is, however, clear. The multiplication of parasites in vitro is 
attended by an increase in the rate of glucose utilization. Indeed, with the 
rocker dilution technique for cultivation, analysis of glucose in the culture 
has been a routine procedure with us, and the extent of multiplication in 
such experiments can be fairly accurately predicted from the magnitude of 
glucose utilization throughout the culture period. 

Phospholipide Phosphorus and Fatly Acid Relationships in Parasitized Red 
Cells Grown in Vivo and in Vitro—The importance of the phosphatides in 
relation to fat metabolism in the mammalian organism suggested a study of 
the relationship of phospholipide phosphorus and fatty acid content of 
parasitized cells. In Table VI are given data on these two components in 
normal red blood cells of the monkey and in cells with varving percentages 
of parasites as drawn directly from monkeys infected with Plasmodium 
knowlesit. The molar ratio of fatty acids to phospholipide P in normal cells 
is on the average 2.46. In liver, this ratio averages 7.4 according to cal- 
culations we have made on the data of Handler (9) and Stetten and Grail 
(20). If all the fatty acids were incorporated into phosphatides of the 
lecithin or cephalin type, this ratio would be 2.00. On this basis, it is ap- 
parent that free fatty acid or neutral fat constitutes only a small porticn of 
the total fatty acids of the normal monkey red blood cell. The same may 
be said to be true for parasitized cells. It is of interest in this connection 
that Plasmodium knowlest is able to oxidize glycerol at a very rapid rate 
(13, 23). Whether this ability to destroy glycerol is related to the low 
neutral fat content of the organism is a matter for further exploration. 
From the data given in Table VI, it is clear that an increase in both phos- 
pholipide P and fatty acid content occurs as the per cent of parasitized cells 
in the blood sample rises. However, there ts little, if any, change in the 
ratio of these two components. The data indicate on the average an in- 
crease in the ratio of 7 per cent, which is probably within the experimental 
error. 

Several experiments have also been made on parasitized cells grown in 
vitro. The results are given in Table VII. There is an indication trom the 
two experiments given here that an abnormal situation may exist in the 


relationship of fatty acids to phospholipide P in parasitized cells grown 
in vitro. In both experiments, an increase in the ratio of tatty acids to 
phospholipide P occurred during the 23 hour culture period. It is to be 
noted that in each case, though the phospholipide P content increased, the 
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fatty acid content increased even more. Indeed, the value for fatty 
acids found at the end of Experiment R.P.A.-36-1 is the largest encountered 
and exceeds the values reported in Table VI for blood samples containing 4 
times as many parasites. More data are admittedly needed to establish 
this point. ‘There is, however, a suggestion here that our present culture 
medium may need modification with regard to the choline, methionine, or 


VI 


Phospholi pide Phosphorus and Fatty Acid Content of Normal and Parasitized 
(Plasmodium knowlest) Monkey Red Blood Cells 


ample'No.| Parasites Phospholipide P| Fatty acids | Ratio, 
(1) (2) (3) (4) | 
mM per mm per | 
5X 10% cells 5X 102 cells | 
Normal ] 1.80 3.9 2.17 
- 2 2.08 5.0 | 2.40 
3 1.78 4.9 | 2.75 
4 1.89 4.2 | 2.22 
5 1.95 4.8 | 2.46 
6 1.82 4.9 | af 
7 2 00 5.2 | 2.60 
Average 1.91 i | 2.46 
Parasitized 7.4 2 59 
2 i6.S 2.40 
3 2.70 2.70 
4 19 0 2.59 
5 27.0 2.07 
ri 33.7 3.1 
31.4 10.0 2.44 
10 6 10 4 
10) 15.0 4.2 11.8 2.81 
1] 47.4 11.S 3.16 
12 50.0 11.1 2.47 
Average 2.64 


other components involved in fat metabolism, or that the high glucose con- 
tent of the medium (250 mg. per cent) may be causing abnormal fatty acid 
synthesis. 

Flavin-adenine Dinucleotide Changes in Normal and Parasitized Blood in 
Vitro—The definite increase observed in the flavin-adenine dinucleotide 
content of parasitized blood as the parasites either increase in size or num- 
ber in vivo indicates that this coenzyme is essential to the growth of the 
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Tasie VII 


Phospholipide Phosphorus and Fatty Acid Changes in Parasitized Cells (Plasmodium 
knowlest) Grown in Vitro 


Experiment Time Parasites Phosphoiipide P Fatty acids Ratio, 7a} 
(1) (2) (3) (4) (S$) 
per mu fer 
R.P.A.-36-1 3.0 2.30 2.2 2.2) 
23 12.6 2.8] 34 
R.P.A.-39 6.6 2 0S 5.2 2 
23 11.6 2. 38 
R.P.A.-50 0) 2.02 


TasLe VIII 


Flavin-adenine Dinucleotide Changes in Normal and Parasiticed (Plasmodium 


knowlesi) Blood Cultivated in Vitro at 3s 


lavin-adenine 


Blood Experiment Time Parasite count 
hrs. per cent mg. per 5 X 10'* calls 
Parasitized monkey R.P.A.-58 0) Total 3.6 37 
Rings 3.9 
Tropho 
roite 
Schizonts 
Segmenters 2 
23.5 Total 13.9 4s 
Rings 2 
Trop! y! 
7ZoItES 
{ier eta 
cyte 
gene rate 4 
Normal monkev. RPA -fil 
0) i) os 
human 
24.0 
The rocker perfusion apparatus was employed and a culture medium containing 


500 ot riboflavin, 500 4 of ribose, and 950) 7 of adenine per liter i, le 
of culture technique, see previous papers (1, 7 


parasite. Similar increases in the amount of this coenzyme can be ob- 
served in parasitized blood cultured in vitro. The results of an experiment 
showing such a change are given in Table VITT. The parasite count 
changed from 3.6 to 13.2 per cent in this experiment and a 30 per cent in- 
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crease in the coenzyme content resulted. This change is comparable to 
that observed in the in vivo experiment reported in Table II in which a 
48 per cent increase in flavin-adenine dinucleotide resulted as the parasite 
count increased from 4.2 to 16.8 per cent. It should be noted, however, 
that increases in flavin-adenine dinucleotide content of this magnitude 
may also be observed in normal blood cultured in the same fashion for 24 
hours. The results of an experiment with both normal monkey and human 
blood in which such a change is observed are also given in Table VIII. 
The synthesis of the flavin coenzyme by normal human blood cells has 
been observed previously by Klein and Kohn (11). It is thus not possible 
to decide from the cultivation experiments in vitro whether the malarial 
parasite possesses the ability to carry on the synthesis of this coenzyme 
by itself or is dependent upon its host red cell for this important function. 
The action of atabrine upon the ability of the normal red blood cell to 
perform this synthesis would be of interest. 

Conversion of Hemoglobin to Hematin by Parasites ir Vivo and in Vitro— 
The ability of the malarial parasite to split off hematin from the hemo- 
globin of the host red cell and to deposit it as an insoluble pigment within 
its own cell has long been recognized. Sinton and Ghosh (19) have re- 
viewed the early work in this field and, most recently, Rimington e¢ al. 
(16) have confirmed the conclusion of earlier workers that the pigment de- 
posited within the parasite is hematin. Little work has, however, been 
done on the quantitative aspects of this conversion. We have, therefore, 
attempted a few experiments along these lines. 

In Table IX are presented the results of an experiment performed on a 
monkey infected with Plasmodium knowlest. Samples of blood were drawn 
at the beginning of a cycle when the parasites were young and then at two 
later intervals during the evele as the parasites developed to maturity. 
The hemoglobin content of the blood samples was determined by laking a 
known volume of blood with water, diluting to a constant volume, centrifug- 
ing off cellular and parasite débris, and measuring the optical density of the 
supernatant at the two cluef wave-lengths in the visible region of oxyhemo- 
globin. Alkaline hematin was determined in a similar fashion with alkaline 
alcohol (0.04 gm. of NOT in 80 per cent ethyl aleohol) to lake the cells. 
The hemoglobin of the cells is thereby converted to hematin and any 
preformed hematin in the parasites is also extracted; total hematin com- 


bined or free is thus determined. 

The values for the optical densities given in ‘Table LX ure expressed in 
terms of a unit mumber of total red blood cells (parasitized and normal) in 
order that hemoglobin and hematin concentrations of the different samples 
may be direct!y compared. It is clear that per unit number of cells there 
has been a decrease in hemoglobin concentration but no change in total 
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hematin concentration as the experiment progressed. Since this decrease 
in hemoglobin has occurred concomitantly with a small decrease in per cent 
of parasitized cells, it can be attributed entirely to hemoglobin destruction 
accompanying growth of the parasite from a pre-ring and early trophozoite 
form to a schizont or segmenter. The total decrease in hemoglobin con- 
centration is of the order of 17 per cent. The maximum to be expected 
would be 21 per cent if it is assumed that all the hemoglobin in each para- 
sitized cell is entirely destroyed. Since the observed value ts SO per cent of 
the maximum theoretical value, it is evident that during its lite cevcle, the 
malarial parasite destroys nearly all the hemoglobin in its host cell. By 


TaBLe IX 


He moglobin Destruction during Growth in Vivo by Plasmod f 
Monkey IIS. 
2 p.m., Nov. 5, 9.45 a.m., p.m., 
1945 Nov. 6, 1945 Nov. 6, 1945 

Red cells, pere.mm. X 10°°. lial 1.49 
Parasites, %..... 25.5 21.7 21.2 

Pre-rings, “, 23 2 

Rings, 

Trophozoites, early, ©; 

late, ©; 2 2] 
Schizonts, “¢. ri 21 
Segmenters, ©, 3 21 
Ciametocytes, 

I:xtracellular, etc., ©, ] 

Hematin,* 503 0.44 O.45 


* The values are expressed as the readings log /,// givenin a Bockman spectropho 


i 
tometer by 168 laked red cells per 3 ml. of total! volume ina cell with al em. light 


path. See the text for further detatls. 


the same token, it may be said that the parasite retains within its cell all of 
the hematin that it splits off from hemoglobin. 

The process of hemoglobin destruction by parasitized red cells may also 
be observed in vitro. In Table X are given the results of an experiment 
demonstrating this point. The parasitized cells were harvested by the 
method for differential sedimentation of parasitized cells from normal cells 
described in Paper VII of this series (7). The cell concentrate so obtained 
was incubated in its suspending plasma without any additions at 3S° and 


in contact with a gas phase of 5 per cent CO.-95 per cent air. In hours, a 
22 per cent decrease in hemoglobin concentration, as measured spectro- 
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photometrically, was observed. The differential parasite count indicates 
that an increase in parasite size occurred during this interval, though it is 
also obvious from the increased number of degenerate forms that optimum 
conditions for growth were not present. In other experiments it has been 
possible to demonstrate that an increase in hematin content of the parasites 
also oceurs during the incubation of such a concentrate of parasitized cells. 

We have attempted in several ways to learn something about the mecha- 
nism of hematin production by the parasite, but without much success. 
For example, it has not been possible for us to obtain any spectrophoto- 
metric evidence of a breakdown product intermediate between hemoglobin 
and hematin. Concentrates of parasitized cells such as those used in the 


TAaBLe X 
Hemoglobin Destruction in Vitro by Concentrate of Cells Parasitized with Plasmodium 
knowlest 


Monkey 35-92; April 6, 1944. 


Time of incubation, 38° 


Determination 


0 hr. | 8 hrs, 

Red blood cells, per ¢.mm...... | 30 | 27 
Parasites, per ¢.mm. 26 , 000 | 20 
Trophozoites, %........ | 91 42 
Degenerate, 3 23 

Extracellular, %.. | | 3 


HbO>. log at 576 mu’... 0.152 | 0.118 


* Blood diluted 1:6 with distilled water, parasites and cellular débris centrifuged 
off, and supernatant used for determination in the Beckman spectrophotometer, 


lem. eell, 


experiment depicted in Table X yield, on laking and centrifugation, a solu- 
tion whose absorption spectrum as measured in the visible range with the 
Beckman spectrophotometer is identical with that given by oxyhemoglobin 
from normal monkey red blood cells. Thus the hemoglobin present at any 
time within a red cell that is host to a parasite is not distinguishable 
spectroscopically from that present in an unparasitized cell. Either the 
degradation changes are too subtle to be detected by the means employed, 
or else degradation of hemoglobin occurs only after it is absorbed by the 
parasite. The fact that hematin deposition occurs within the parasite 
favors the latter interpretation, but is, of course, no proof of it. 

An attempt has been made to detect an enzymatic degradation of 
hemoglobin by parasite extracts. Parasites obtained by saponin laking of 
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parasitized cells were ground and incubated with normal monkey hemo. 
globin at 38° in the presence of toluene. Though some methemoglobin 
formation oceurred, the total hemoglobin concentration as determined after 
addition of Na.S.O; showed no appreciable alteration. 

A simple procedure for estimating the degree of hematin formation in a 
sample of blood is to determine the ratio of total alkaline hematin to oxy- 
hemoglobin spectrophotometrically. Since none of the hematin appears to 
leave the parasitized cell, there is an increase in this ratio as the hemo- 
globin content diminishes. In Table XI, examples of this procedure as 
applied to parasitized monkey, human, and duck blood are given. The 
data presented there were obtained by laking blood in distilled water and in 
alkaline aleohol (0.04 gm. of KOH in 80 per cent ethyl alcohol). The same 
dilution was employed in both cases, the final volume being chosen so as to 


TABLE XI 
Ratio of Hematin to Oryhemoglobin tn Normal and Parasitized Cells 


: Alkaline hematin Total cells Free hematin 
Hbo: with pigment Total hematin 
per cent 
Monkey, normal 1.2] 
parasitized, knowles: concen- 2 1) $f) 
trate 
Monkey, parasitized, fnowles: concen >. 39 52 49 
trate 
Human, norma! 1.15 
parasitized, P. r:rar concentrate 1.33 12 
Duck, normal 1.22 


parasitized, P. lophurae 2.33 34 18 


give suitable density readings in the Beckman spectrophotometer. Both 
samples were centrifuged after standing long enough to permit complete 
extraction of parasite hematin by the alkaline alcohol; 15 minutes usually 
suffice. The completeness of extraction may be roughly checked by the 
whiteness of the precipitate obtained after centrifuging. The log [o/J 
values of the supernatant were then read in a cell with a 1 em. light path 
at the following wave-lengths: 509, 510, 520, 540, 550, 560, 575, 586, 598, 
600, 629 mu. The resulting density readings were then totaled for each 
solution and their ratio determined. I[t was tound that this procedure gave 
more reproducible results than the employment of readings at only one or 
two wave-lengths. The ratios for different normal blood samples trom 
any one species by this technique agree within +2 percent. The ratio for 


normal human blood is slightly lower than for monkey or duck blood. 


From the ratio of alkaline hematin to oxyhemoglobin determined by this 
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method ior parasitized blood, it is possible to calculate the per cent of total 
hematin which exists as free hematin by use of the following formula. 
(Parasitized blood ratio) — (normal blood ratio) ¥ 
X 100 = of total hematin free 
Parasitized blood ratio 
Values calculated by this formula are given in the last column of ‘Table XI. 
For comparison, there is given an estimate made microscopically by one otf 
us (W. O. C.) of the per cent of total cells in which pigment deposition was 
visible. 


DISCUSSION 


In considering the results presented here, it should be emphasized that 
they do not represent the maximum changes that can be expected to occur 
within & parasitized red blood cell. The maximum differences in chemical 
and metabolic changes would undoubtedly be found by comparing normal 
red cells with cells containing only full grown parasites; 7.e., segmenters 
which are just ready to release their merozoites. In no blood sample 
studied here have such conditions prevailed, nor have we attempted to 
extrapolate our Values to a theoretical maximum achievable mass of para- 
site material. Thus the values for the parasitized cell to be dealt with here 
must be considered only as approaching the maximum to be expected, and 
might fall well short of it in some cases. 

Qne otf the most pronounced changes encountered in comparing the 
parasitized cell with the normal is the increase in nucleic acid phosphorus. 
Cytological observation las long indicated that material with the staining 
properties of nucleic acid accumulates within the parasite during its growth. 
The identification of a portion of this as desoxyribose nucleie acid has been 
described in Paper LI of this series (4). It is now possible to make some 
quantitative estimates of the total nucleic acid fraction in the parasitized 
cell and to compare it with other nucleated cells. From the data of Table I, 
it may be calculated that 5 & 10” parasitized cells with the differential 
count given in the third column contain 17.6 mm more of nucleic acid P 
than do « similar number of normal red cells. This corresponds to 17.6 X 
31 mg. or 545.6 mg. of nucleic acid P. To compare this value with values 
given in the literature for other tissues, it is necessary to express it in terms 
of gm. of wet weight of cells. The volume occupied by 5 X 10” cells may 
be assumed to be 450 ec. Since, as shown in Paper III of this series (5), 
the parasitized cell will remain suspended in an albumin solution with a 
density of 1.07, this figure may be used as the specific gravity of the para- 
sitized cell. Thus, 5 & 10” parasitized cells will have a wet weight of 450 
X 1.07 gm. or 481 gm. The amount of nucleic acid P per 100 gm. of wet 
weight of parasitized cells is thus 545.6 mg. divided by 481, or 114 mg. 
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The values given by Schmidt and Thannhauser (17) for total mg. of nucleic 
acid P per 100 gm. of wet weight of tissue range from 47 for rat brain to 
182 to 238 for calf thymus, with rat liver intermediate, showing values of 
113 to 125. The nucleic acid P content of red cells parasitized with 
Plasmodium knowlesi thus falls within the range encountered in mammalian 
tissues. Since nucleic acids contain roughly 10 per cent phosphorus, the 
total nucleic acid in the 5 & 10” parasitized cells considered here is 10 
X 545.0 meg., or 5456 mg. 

It would appear from data obtained on parasites grown in vifro that the 
parasite does not need to be supplhed with nucleic acids as such. Pre- 
sumably, as indicated by the data presented here, it can synthesize in vitro 
its own nucleic acids from simpler compounds. Whether, however, the 
parasite can synthesize, for example, all its own purines or pyrimidines 
which it incorporates into nucleic acid cannot be answered definitely. The 
available evidence would suggest that such a synthesis may be possible. 
The case of adenine may be taken as a specific example. In the parasitized 
blood samples discussed in the preceding paragraph, an increase of 17.6 mM 
of nucleic acid P occurred per 5 X& 10" parasitized cells. If one-fourth of 
this phosphorus is equal to the adenine in the basic tetranucleotide, then an 
increase of 4.4 mM of adenine has oceurred in those parasitized cells. In 
addition, there has occurred in these same cells an increase of 1.8 m™ in the 
15 minute-hydrolyzable P, which, if aecepted as coming trom adenosine 
triphosphate, represents a corresponding increase in adenine. A total in- 
crease of 4.4 + 1.8 or 6.2 mM of adenine has thus occurred. The amount 
contributed by the increase in flavin-adenine dinucleotide may be neg- 
lected. Now 6.2 mM of adenine equal an increase of 837 mg. of adenine per 
9 X 10” parasitized cells. On this basis, 1 ec. of whole blood containing 
the normal value of 5 & 10° unparasitized cells should increase its adenine 
eontent by 837 y when 100 per cent of the cells were parasitized, or 8.37 ¥ 
for each 1 per cent absolute change in parasitized cell count. Now ¢n vitro 
by the rocker dilution technique (7), increases in absolute count from 2 to8 
per cent parasitization in 24 hours have been regularly obtained. Thus for 
6 per cent of the cel!s to become parasitized, if changes in vitro are asstmed 
to be similar to those zn vivo, it should require 50.2 y of adenine per I cc. of 
blood. The 3 cc. of media supplied per ec. of blood in these experiments 
contain, however, only 0.75 y of adenine. The amount supplied in the 
standard medium thus falls far short of the amount calculated in this way to 
be needed and suggests that the parasite is able to synthesize adenine. In 
unpublished experiments, no effect on growth zn vitro of the parasite was 
observed when the adenine and the other purine and pyrimidine content of 
the medium was increased 10-fold over the standard, though it is now 
obvious that even greater increases should be tried. We have reported (1), 
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however, a cultivation experiment by the perfusion technique which showed 
that the complete absence of all purine and pyrimidine from the nutrient 
medium resulted in poor growth. The question of the synthesis by the 
malaria! parasite of its purinesand pyrimidines is obviously not answered by 
these calculations, but the magnitude of its requirements for these com- 
ponents Is certainly better defined. 

The specific gravity of the parasitized cell is less than that of the normal 
cell. ‘This fact has been known for some time, and we have made use of it 
to effect the separation of parasitized and normal cells (5, 7). This change 
can be in part explained by the increase in lipide material that occurs when 
the normal cell becomes parasitized. Increases of 400 per cent in both 
phospholipide P and fatty acid have been reported in Tables I to IIT. 
Morrison and Jeskey (14) report increases of 550 per cent in total hpides in 
cells parasitized by Plasmodium knowlest. Their values include non- 
saponifiable matter, mainly cholesterol, which they find averages 25 per 
cent of the total lipides. Our findings thus appear to be in good agreement 
with theirs, though a comparison of actual values is not possible because 
these authors give no such data for the parasitized cell in their preliminary 
report. However, Morrison and Jeskey state that 28.8 per cent of the 
total solids of isolated parasites is lipide material. They also report that 
the fatty acids are largely C); compounds. Using our data and assuming 
that the fatty acids are Cis compounds, that the phospholipide fraction 1s 
lecithin, and the water content of the parasitized cell is 75 per cent, we have 
calculated that the maximum saponifiable lipide content in the parasitized 
cells studied here is 6.5 per cent of the total dry weight. Applying a cor- 
rection for non-saponifiable material yields results which are approximately 
one-third of those reported by Morrison and Jeskey for the parasite itself. 
This difference must be in part attributable to the fact that in dealing with 
analyses on purasiiized cell samples we are not employing 100 per cent 
parasite material, 

The results reported here indicate that parasites growing and multiplying 
inviiro are not entirely comparable in their metabolic and chemical patterns 
to those grown 7x vivo. Differences such as those that have been observed 
in oxygen consumption and fatty acid-phospholipide ratios furnish hints as — 
to improvements in the basic culture medium that need further exploration. 
Any improvement that can be so achieved should also facilitate the culture 
of the more fastidious human malarial parasites which as yet respond less 
satisfactorily than Plasmocium knowlest to our cultivation techniques. 


SUMMARY 
1. Certain metabolic and chemical changes occurring in the red blood 
cells of monkeys as a result of their invasion, either 7n vivo or in vitro, by 
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the malarial parasite, Plasmodium knowlest, have been followed. The 
magnitude of the increases that occur is shown to be dependent on both the 
size and age of the parasites and the total number of parasites present. 

2. In the studies reported here, the invasion of the red blood cell by the 
parasite 7n vivo results in a 25- to 75-fold increase in the rate of oxygen and 
glucose consumption. The molar ratio of the rate of utilization of oxygen 
to glucose is approximately unity, indicating that an amount of glucose 
equivalent to only one-sixth of the total that disappears is completely 
oxidized. From 54 to 82 per cent of the glucose that disappears can be 
accounted for as lactate. 

3. The parasitized cell content of fatty acids is 4- to 5-fold, of total 
phosphorus 2- to 4-fold, of 15 minute-hydrolyzable P 2- to 4-fold, of 
phospholipide P 2- to 4-fold, of nucleic acid P 10- to 20-fold, of flavin- 
adenine dinucleotide 6- to 15-fold that of the normal red blood cell. 

4. In the case of parasites growing and multiplying within red cells 
cultivated in vitro, increases in these same values may be observed as the 
parasite number increases. The changes are not, however, as consistent 
nor of the same magnitude as for parasites grown in vivo. This is par- 
ticularly striking in the case of oxygen consumption, for which no increase 
in rate is usually observed. <A deficiency of unknown essential nutrients in 
the culture medium is suggested by these results. 

5. The molar ratio of fatty acids to phospholipide P in normal monkey 
cells is on the average 2.46. In parasitized cells, it averages 2.64. It is 
concluded that little neutral fat exists in either normal or parasitized cells. 

6. Normal monkey and human red blood cells are able to synthesize 
flavin-adenine dinucleotide in vitro from the components of the culture 
medium. Increases observed in the content of this coenzyme In parasitized 
cells during growth and multiplication of the parasite zn vilvo cannot be 
attributed, therefore, solely, if at all, to the parasite itself. It is pointed 
out that the relation of this observation to the action of atabrine deserves 
investigation. 

7. The conversion of hemoglobin to hematin by the parasitized cell has 
been followed quantitatively both dn vivo and in vitro. The total hematin 
content of the parasitized cell remains constant during the growth of the 
parasite, though a nearly complete conversion of hemoglobin hematin to 
free hematin may occur during the parasites’ full development. No 
spectroscopic evidence for any intermediate in this conversion could be 
obtained. 

8. A simple procedure for estimating the degree of hematin formation In 
a sample of parasitized blood is to determine spectroscopically the ratio of 
total alkaline hematin to oxyhemoglobin. Representative examples ol 
values on human, duck, and monkey blood are given. 
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ENZYMATIC HYDROLYSIS OF 2,4-DIKETO ACIDS 


By ALTON MEISTER anno JESSE P. GREENSTEIN 
(From the National Cancer Institute, National Institute of Health, Bethesda, Varyland) 
(Received for publication, May 13, 1948) 


In the course of studies on the desamidation of glutamine in rat liver ex- 
tracts marked acceleration of this reaction was noted in the presence of 
2 4-diketovaleric acid (acetopyruvie acid).! Recent work indicates that 
pyruvic acid and certain other a-keto acids increase the desamidation of 
elutamine in aqueous extracts of normal and neoplastic rat liver (1-3). 
Investigation of the mechanism of the acceleration of glutamine desamida- 
tion by 2,4-diketovaleric acid revealed that this effect was actually due to 
pyruvie acid formed by hydrolysis of the diketo acid and that 2,4-diketo- 
valerie acid itself was apparently inactive in the glutamine system (4). 
This finding led to experiments on other 2.4-diketo acids. The present 
studies demonstrate the existence of a hitherto unrecognized enzymatic 
reaction oecurring in extracts of liver and kidney, whereby a wide variety of 
2,4-diketo acids (acylpyruvie acids) are hydrolyzed to vield pyruvie acid 
and the corresponding fatty acid. 


EXPERIMENTAL 
Preparation of Disodium Salts of 2,4-Diketo Acids—The general pro- 
eedure of Claisen and Stylos (9) was employed tor the synthesis of 2.4-di- 
keto acid esters. Ethyl oxalate was condensed with the appropriate 
methyl ketone in the presence of sodium ethoxide to yield the ethyl ester of 
the corresponding 2,4-diketo acid. ‘The methyl ketones were obtained 


from the Eastman Kodak Company and redistilled before use. Methvl 


n-heptyl ketone was prepared by the acetoacetic ester synthesis (6). The 


preparation of tree 2,4-diketo acids and the corresponding ethyl and 
methyl esters has been adequately described (see references, ‘Table 1). 
However, we have tound it possible to prepare the disodium salts of the 
2 ,4-diketo acids which, in contrast to the free diketo acids, are stable over 
long periods. 

Disodium salts of the normal aliphatic 2,4-diketo acids and the aromatic 
diketo acids were prepared as follows: The ester was added to 0.5 volume of 
acetone and the mixture gently shaken with 2 equivalents of 5 N sodium 
hydroxide. Saponification of the ester was accompanied by some evolu-. 

'The authors are indebted to Dr. Albert L. Lehninger for suggesting that the 
effect of this compound on glutamine desamidation be studied 
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tion of heat. The disodium salt of the diketo acid was then precipitated 
from the clear solution by addition of a large volume of alcohol. The 
disodium salt was washed with aleohol and ether and dried in vacuo. 
Acetone may be omitted in the preparation of disodium 2,4-diketovalerate 
but it facilitates saponification of the other esters. The disodium salts 
may be reprecipitated from water-alcohol mixtures. 2,4-diketo-5- 
methyl hexanoate, ethyl 2,4-diketo-6-methyl heptanoate, and ethyl 
2 ,4-diketo-5 ,5-dimethyl hexanoate were saponified as follows: The esters 
were shaken with 2 equivalents of 0.5 N sodium hydroxide at 5° for 2 to 4 
hours. <A precipitate, probably of the sodium salt of the ester, formed 
initially on addition of the alkali and redissolved on prolonged shaking. 
The disodium salt of the acid was then precipitated by addition of acetone, 
Attempts to saponify these esters by the former procedure invariably re- 
sulted in salts which geve sodium analyses several per cent higher than the 
theoretical values. 

The compounds prepared in the present study are listed in Vable I, to- 
gether with analytical data for the ethyl esters and disodium salts. The 
2,4-diketo acids may be prepared from the corresponding disodium salts. 
Free 2 ,4-diketovaleric acid was prepared as follows: An acidified solution 
of the disodium salt was extracted several times with ether. The solution 
was dried over anhydrous sodium sulfate and evaporated until crystals 
appeared. The acid was recrystallized from carbon tetrachloride; m.p. 98° 
(uncorrected). 


Analysis—C;,H,O,. Caleulated, C 46.16, H 4.65; found, C 46.17, H 4.59 


The following 2,4-diketo acids were precipitated from aqueous solutions of 
the disodium salts by acidification with N hydrochloric acid and subse- 
quently recrystallized from ether and petroleum ether. 


2.4-Diketoundeevlie acid, m.p. 50° Cuneorrected) 
Calculated, C 61.63, H 8.47; found, C 61.43, H 7.97 
2,4-Diketo-4-phenylbutync acid, CyHsOg; mop. 157° (uneorrected) 
Calculated, C 62.49, 4.20: found. C 62.52. Hl 3.97 
acid, Cy m.p. 142° Cancorrected) 
Calculated, C 64.07, H 4.89; found, C 63.89, HL 5.03 


w 


The enzymatic and spectral properties of these compounds were identical 
with those of the corresponding disodium salts. 

Spectrophotomelric Characterization cf 2,4-Diketo Acids and Esters—The 
2,4-diketo acids and ethyl! esters possess characteristic absorption in the 
ultraviolet region which ts associated with their enolic structure. Ethyl 
2,4-diketovalerate and the ethy! esters of the other aliphatic 2,4-diketo 
acids studied possess absorption maxima at 2900 A. Ethyl 2,4-diketo-4- 
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pheny! butyrate and ethyl! 2,4-diketo-4-(4-methylphenyl) butyrate exhibit 
a broad maximum absorption between 3050 and 3150 A and somewhat 
greater molar extinction coe? cients. The maximum molar extinction 
coefficients for the various 2,4-diketo acid esters, determined with the 


TABLE | 


Chara fi “ation of 24 Dike lo Acid Di rev ittve S 


Ethyl ester Disodium salt 
Corresponding Carbon Hydrogen Sodium 
Coke. extinction coellicient Calcw 
per per per per | per per | 
cent cenl cent ent cent cent | 
n-Valeric 53.18 53.09 6.38 6.21 9 O10* 26.42 26.23) (7-10) 
| (1.40 | 
n-Hexanoic 55.80 55.63 7.02 7.04 8, 500* 24.45 23.54 (9-12) 
| (1.25 10°4 | | 
n-Heptanoic 5S 01.19 1.08 Ga0* 22.46 21 (9, 10, 13) 
| | | (1.43 & 10-4 Mw) | | | 
n-Octanoic ‘59.99 60.07 8.06 7.77 9, 100* 21.27.21.42 (10, 14) 
| | | (1.42 10-4 | | | 
n-Nonanoic 61.65 62.098.47. 8.49, 8. 760* 19.98 20.08 (10) 
| (1.05 X 10°* mw | 
n-Capric 63.13 63.158.838.81 18.83 18.92 (10) 
n-Undecylie 64.44 64.45 9.15 9.18 400* 17.8117.92 (10) 
(1.89 & | 
5-Methyl-n-hexanoie 58.05 57.76. 7.58 7.56 S 22.76, 22.28; (13) 
(1.57 10°4 wm) | 
6-Methyl-n-hep 59.99 59. ST 8.06 7.90 9 7S0* 21.27;20.79; (9, 15) 
tanole (1 33 X mw) 
5,5-Dimethyl-n- 59.99 60.00 8 068 04 9 21 .27'21.26, (9, 16) 
hexanoic (1.34 X 10°* m) | | 
4-Phenylbutyrie 65.45 65.75 5.495.48 12.0007 19.48 19.05 (17) 
(1.14 & | 
4-(4-Methyv!phenyl)- 66.67 66.87 6.038 6.38 14, SOOT 18.38 18.55 
butyric | (1.02 1074 | | 


* At 2900 A in ether. 
ft At 3100 A in ether. 


Beckman model DU spectrophotometer, are given in Table I. The rela- 
tionship between degree of enolization and ultraviolet absorption was 
demonstrated by a study of the absorption of 2,4-diketovaleric acid at 
different values of pH. As the free diketo acid is converted to the enolic 
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form by addition of base, the peak absorption shifts from 2850 to 2950 A, 
and the maximum molar extinction coefficient increases from 3030 to 
18,400 (Fig. 1). The changes in absorption due to addition of acid or base 
are completely and instantaneously reversible. When the change in ab. 
sorption 1s plotted as a function of pH, points are obtained which closely 
fit theoretical titration curves based upon pIx values of 2.5 and 7.8 (Fig, 
2). The corresponding values obtained by acidometric titration are 2.6] 
and 7.85. 


bia. 1. Ultraviolet absorption curves of 2,4-diketovaleric acid at various values 
of pH. Concentration, 0.726 10-4 


Other Materials Acetyviacetone, an Eastman product, was redistilled 
before use. The glutamine was a gift of the American Cyanamide Com- 
pany. Approximately 200 male and female rats of the Buffalo strain, 
weighing 150 to 350 gm., seven Strain A mice, tive albino rabbits, and four 
eats were used in the present study. Primary rat hepatomas were induced 
by feeding p-dimethylaminoazobenzene. ‘The animals were fed ad libitum 
except in the case of the cats, which were fasted for 3 days before use. 

Analytical Methods—Pyruvate was determined by the method of Lu (18) 
with minor modifications. The aniline citrate method of Edson (19) was 
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employed ior the detection oi acetoacetate. Acetate was determined as 
described by Lipmann (20) and octanoate by the new procedure of 
Lehninger and Smith (21). Ammonia was determined by nesslerization 
after aeration into sulfuric acid traps. Protein nitrogen analyses were 
made by the usual Ixjeldahl technique. ‘The Beckman pH meters, models 
G and H, were employed for the measurement of pH. 

Enzymatic Studies—The animals were killed by decapitation or by a blow 
on the head, followed by exsanguination. ‘Tissue extracts were prepared 
by grinding the fresh tissue with 3 volumes of water in a glass mortar, 
followed by hght centrifugation to remove the Jarger particles. Studies in 


& & © 


Fic. 2. Spectrophotometric titration curves of 2,4-diketovalerie acid. Theoreti- 
cal eurves for pH = ph + log (a/l-a). a = A D/D, where D represents the total 
change in absorption and A/) the inerement fora given change in pH. The data were 
obtained at 2850 and 2050 A for Curves A and B, respectively. Concentration, 
0.690 *X 10°4a1. Absorption was determined in 0.1 mM glyeine hydrochloride, acetate, 


phosphate, and borate buffers for the pH ranges 1.0 to 3.7, 3.8 to 4.9, 5.2 to 7.8, and 


7.9 to 10.0, respectively 


Which extracts were prepared with the Waring blendor or Potter-Elvehjem 
homogenizer vielded similar data when calculated on a tissue nitrogen basis. 
All experiments were carried out in a constant temperature water bath at 
37°. The disodium salts of the 2,4-diketo acids were dissolved in veronal 
or borate buffer and the pH adjusted, when necessary, to the desired value 
by the addition of dilute hydrochloric acid. No significant difference was 
noted between data obtained with borate buffers and the values found with 
veronal. Usually 1 ce. of extract was incubated with 1 ce. of buffer con- 
taining the substrate. Following incubation, 5 ce. of 5 per cent trichloro- 
acetic acid were added and the clear filtrate analyzed for pyruvate. 
Controls with substrate alone and with extract alone were employed. 
Conventional Warburg vessels were employed for the experiments on 
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liver slices. After equilibration with 100 per cent oxygen or nitrogen, liver 
slices weighing 200 mg. were shaken with 2.3 ec. of a solution containing 
0.1 M phosphate buffer (pH 7.4), 0.154 m sodium chloride, 0.02 mM ammonium 
chloride, and 0.01 mM disodium 2,4-diketovalerate (23 micromoles). At the 
end of 30 minutes the vessel contents were treated with trichloroacetic acid 
and analyzed for pyruvate by the procedure of Elgart and Nelson (22). 
Control vessels were employed in which tissue or diketovalerate was 
omitted. 

Experimenis on Glutamine Desamication—TVhe accelerating effect of 
2 ,4-diketovalerate and pyruvate on the desamidation of glutamine in 
aqueous extracts of normal liver is demonstrated in Table IIT. Although 
pyruvate also increased the desamidation of glutamine in extracts of 


TABLE II 
Effect of 2,4-Diketovaleric and Pyruvie Acids on Desamidation of Glutamine 
1 cc. of tissue extract was incubated for 4 hours with 1 ce. of 0.15 1 veronal buffer 
at pH 7.0, 1 ec. of 0.014 m glutamine (14 micromoles), and 1 ce. of 0.028 xv sodium 


pyruvate or disodium 2,4-diketovalerate (28 micromoles) or water. 


Rat tissue heto acid 
Normal liver..... None 3 98 
Primary hepatoma None 2.43 


hepatoma, the addition of diketovalerate to such extracts did not affect 
the rate of ammonia liberation trom glutamine. 

Conversion of 4-Dike tovalerate to Pyruvate and Acelate Inves! wat ion of 
the mechanism of the acceleration ot glutamine desamidation by diketo- 
valerate revealed that this compound was hydrolyzed to yield nearly 
equivalent amounts of pyruvaie by rat liver extracts (lig. 3). Diketo- 
valerate is stable under these conditions in the absence of liver extract, and 
no pyruvate was formed when diketovalerate was incubated with boiled 
liver extract. The reaction occurred equally well in the absence of oxygen. 
The pyruvate formed was identified by isolation as the 2,4-dinitrophenyl- 
hydrazone which was recrystallized from ethyl acetate. The melting 
points and spectra of the isolated compound and an authentic sample were 
identical (m.p. 214°; mixed m.p. 214°; uncorrected). No detectable aceto- 
acetate formation occurred. Acetate production was demonstrated by the 
following experiment. 10 cc. of liver extract were incubated with 10 ce. of 
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0.15 Mm borate buffer at pI 7.3 containing 0.678 mm of diketovalerate for 10 
minutes, and the mixture was treated with phosphotungstic acid. Analysis 
of the protein-free filtrate revealed the appearance of 0.182 and 0.155 mM of 
pyruvate and acetate, respectively. 
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TIME IN HOURS 
Fra. 3. Hydrolysis of 2,4-diketovalerie acid by rat liver extract. The data were 
obtained with 1 cc. of extract and l ee. of O.15 eM veronal buffer at pli ye containing 
13.2 micromoles of substrate. 
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MICROMOLES 2,4-DIKETOVALERATE 
Fig. 4. Effect of 2.4-diketovalerate concentration on hydrolysis. The data were 
obtained with | ce. of rat liverextract (5.23 mg. of N peree.) and 1 ee. of 0.15 M veronal 
buffer at 7.3 containing sabstrate. Ineubsated for 10 minutes. 


The effect of diketovaterate concentration on the rate of pyruvate ap- 
pearance in rat liver extract is illustrated in Fig. 4. Maximum hydrolysis 
occurs with diketovalerate concentrations of 50 micromoles or greater 
under these conditions. The relationship between liver extract concentra- 
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tion and hydrolysis is linear below a concentration of extract equivalent to 
2.5 mg. of nitrogen per ce. (Fig. 5). 

The hydrolysis of 2,4-diketovalerate by several animal tissues was in- 
vestigated (Table IIIT). Of the tissues examined, only liver and kidney 
hydrolyzed diketovalerate at an appreciable rate. It is of interest that rat 
hepatoma has little hydrolytic activity. Since diketovalerate does not 
accelerate glutamine desamidation in extracts of rat hepatoma, although 
pyruvate does, it would appear that 2,4-diketovalerate itself is not active 
in the glutamine system. This conclusion is based! on the assumption that 


MICROMOLES PYRUVATE 


MG. EXTRACT NITROGEN 
Fic. 5. Relation between liver extract concentration and hydrolysis. The data 
were obtained with | cc. of rat liver extract and | ec. of 9.15 M veronal buffer at pH 7.3 


eontaining 68 micromoles of 2,4-diketovalerste. Ineubated for 20 minutes. 


the enzymes of hepatoma and normal! liver responsible for this reaction 
are the same. 

Formation ot pyruvate was also observed in experiments in which liver 
slices were shaken with diketovalerate. Under the conditions described 
above, 4.63 and 5.90 micromoles of pyruvate appeared in 30 minutes 
aerobically and anaerobically, respectively. 

Hydrolysis of Other 2. t-Diice to Acids—-All the 2,4-diketo acids of the 
present series were hydrolyzed by extracts of liver and kidney, as de- 
termined by the appearance of pyruvate. The relationship between the 
rates of hydrolysis of the aliphatic 2, 4-diketo acids and the length of the 
earbon chain, under the conditions employed, is demonstrated in Table IV. 
The relative rates of hydrolysis were approximately the same when 25 
micromoles of substrate were employed. ‘Lhe aromatie diketo acids were 
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hydrolyzed at considerably slower rates than those for the aliphatic group. 
The activity ratios for the several substrates in liver and kidney extracts 
are about the same. 

The pH-activity curves for the hydrolysis of the normal 2,4-diketo acids 
containing 5 to 11 carbon atoms and of 2,4-diketo-4-phenyl butyrate by 
liver extract were determined. Representative data are given in Fig. 6. 


TABLE III 


Hydrolysis of 4. Diketovalerate bhi Various Animal Tissues 


~ st 
Data obtained with | ec. of tissue extract and 1 ec. of 0.15 Mm veronal buffer at 
73 containing 68 micromoles of disodium 2,4-diketovalerate. 
p & 


Micromoles pyruvate per mg. tissue N 


15 min. 30 min. 120 min, 
at Liver 3.46 5.61 8.25 
Kidney 2.04 4.13 6.56 
Pancreas 0.449 1.20 
Lung 0.298 1.03 

Brain 0.259 0.954 

Spleen 0.241 0.954 

Intestine Q. 294 0.744 

Stomach 0.175 0.677 

Cardiac muscle 0.153 0.510 

Testis 0.350 

Skeletal muscle 0.39] 

Primary hepatoma 0.272 0.473 
\loudse Liver 5.04 0.63 
Kidney 2.83 {36 6.90 

Skeletal muscle 0.565 

Rabbit Liver .43 2.14 20 
Kidney 0.645 2.8 

Skeletal muscle 0.230 

Cat Liver 2.90 3.98 6.65 
Kidney 1.18 3.10 

Skeletal muscle 0.211 0.475 


The pH optimum for the hydrolysis of diketovalerate in rat kidney extract 
was identical with that observed for liver. The optimal pH ranges for the 
hydrolysis of 2,4-diketohexanoate, 2,4-diketononanoate, and 2,4-diketo- 
‘aprate were 7.9 to 7.8, 8.0 to 8.6, and 8.0 to 8.5, respectively. Identical 
pH optima were observed in veronal buffers and with lower substrate 
concentrations. | 

Hydrolysis of 2,4-diketoundecylate would be expected to yield equimolar 
amounts of pyruvate and octanoate. In Fig. 7 are given the values of 
octanoate and pyruvate formed when 2,4-diketoundecylate was incubated 
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TaBLe IV 
Hydrolysis of 2,4-Diketo Acids by Eziracts of Rat Liver and Kidne) 
Experiments carried out with 1 cc. of tissue extract and 1 ec. of 0.15 ut borate buffer 
containing 68 micromoles of substrate. Aliphatic substrates were i eubated for 19 
and 15 minutes with liver and oe extracts, respectively. Aromatic substrates 
were incubated for 60 minutes 


iicromoles pyruvate per mg. 
extract N per hr, 


Substrate pH 
Liver Kidney 
2,4-Diketovalerate 15.0 7.64 
2,4-Diketohexanoaie........ 7.6 23.7 14.7 
2.4-Diketoheptanoate 7 6 
2? 4-Diketooctanoate 3.6 2.15 
2,4-Diketononanoate. 8.3 10.1 5.31 
2,4-Diketccaprate. 8.3 6] 
2,4-Diketoundecylate 8.3 6.63 2 O7 
2,4-Diketo-5-methy! hexanoate........ 7.5 14.9 S90 
2,4-Diketo-6-methyv! heptanoate 7.8 2.89 1.50 
2,4-Diketo-5.5-dimethy! hexanoate 7.8 6.15 65 
2,4-Diketo-4 pheny! butyvrate..... QO O 
2.4-Diketo-4-(4-methy!phenyl) butyrate. 0.19; 
< 
> 
a 1.0F 
uJ 
— 
O 
= 
& 
on 
= 
L ! 
5 6 7 8 9 
pH 
Fic. 6. pH-activity curves for the hydrolysis of the disodium salts of several 2 
diketo acids by rat liver extract. = 2. 4-diket xX = 2,4-diketoheptano- 
ate; V = 2,4-diketooctanoate; 0 = 2,4-diketoundecylate; @ = 2,4-diketo-4-phenyl 


butyrate. The values were sbtalnad with 1] ec. of extract and 3 ec. of 0.1 w borate 
buffer containing 68 micromoles of substrate. Ineubated for 10 minutes with the 
aliphatic substrates and for 60 minutes with 2, 4-diketo-4-phenyl butyrate. 
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with liver extract. Within experimental error the data indicate the 


) appearance of equivalent quantities of these products, the reaction therefore 


being analogous to the hydrolysis of 2,4-diketovalerate. 

Hydrolysis of 2,4-diketohexanoate to pyruvate was also demonstrated 
ynder conditions similar to those of Breusch and Ulusoy (23). 3 gm. of 
minced cat liver were shaken with 111 micromoles of disodium 2 ,4-diketo- 
hexanoate in 7 cc. of 0.154 mM sodium chloride at 37° in a Warburg vessel for 
45 minutes. Analysis of the vessel contents revealed the appearance of 
63.4 micromoles of pyruvate, representing hydrolysis of 59 per cent of this 
substrate. 

Preparation of Partially Purified Enzyme from Liver—By means of low 
temperature alcohol fractionation, preparations were obtained from rat 
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TIME IN MINUTES 
Fic. 7. Hydrolysis of 2,4-diketoundecylate by rat liver extract. The data were 
obtained with 1 ec. of extract and 1 ee. of 0.15 mM borate buffer at pH 8.3 containing 68 


micromoles of substrate. 


liver in which the hydrolytic activity towards 2,4-diketo acids was con- 
centrated about 9- or 10-fold. The following procedure was employed. 
Fresh rat liver was homogenized in a Waring blendor with 3 volumes of 
distilled water and the pHI of the homogenate adjusted to 4.9 with 0.2 m 
acetic acid. Ethanol (50 per cent) was added at —5° to a final concen- 
tration of 15 per cent. After standing for 12 hours the mixture was cen- 
trifuged at —3°. Most of the protein was precipitated, leaving 75 to 80 
per cent of the activity in solution. The supernatant was adjusted to 
pH 6.5 with 0.1 M sodium hydroxide, brought to a final concentration 
of 50 per cent ethanol, and allowed to stand at —5° for 12 hours. The 
precipitate was collected by centrifugation, dissolved in water, and the 
small insoluble residue removed by centrifugation. This clear solution 
was stored at 5°, and retained its initial activity for several weeks. The 
activity values with respect to 2,4-diketovalerate for two such prepara- 
tions were 23.7 and 27.8 micromoles of pyruvate per mg. of nitrogen per 
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10 minutes. The corresponding values for the initial homogenates were 
2.78 and 2.88. The activity ratios for the hydrolysis of the other diketo 
acids by this preparation were approximately the same as those of rat 
liver extract. 

Spectrophotometric Determination of Enzyme Activity—As described above, 
the aliphatic 2,4-diketo acids possess a characteristic absorption band at 
2950 A at alkaline pH. This property may be utilized in following the 
hydrolysis of 2,4-diketovalerate. When this substrate is incubated with 
liver extract, a progressive decrease in absorption occurs at all wave-lengths, 
The products of hydrolysis exhibit negligible absorption at 2950 A and the 
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Fic. 8. Hydrolysis of 2,4-diketovalerate by a partially purified liver preparation 
as determined by chemical and spectrophotometric methods. xX = per cent of theo- 
retical pyruvate formed; O = per cent decrease in absorption et 2950 A. Experimen- 


tal details are given in the text 


absorption due to 2,4-diketovalerate at this wave-length 1s directly pro> 
portional to concentration. The following procedure was employed in fol- 
lowing the hydrolysis of 2,4-diketovalerate. 0.2 ce. of 0.15 m borate 
buffer at pH 7.3, containing 0.688 micromole of diketovalerate, is incu- 
bated with 0.2 ce. of diluted extract or the liver preparation described 
above. Following incubation, 10 ec. of 0.1 mM sodium hydroxide are 
added and the diluted mixture read in the Beckman model DU spectro- 
photometer against an extract blank at 2950 A. Initial density readings 
of 1.22 are obtained under these conditions. Controls with substrate 
alone show no decrease in absorption. The data given in Fig. 8 illus- 
trate the application of this method to the hydrolysis of 2,4-diketovale- 
rate by the partially purified liver preparation. Good agreement between 
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pyruvate formation and the disappearance of absorption was observed. 
The rate of hydrolysis is determined from the linear part of the curve. It 
is probable that this technique could readily be applied to other diketo 
acids. 

In order to characterize further the substrate specificity requirements of 
this enzymatic reaction, acetylacetone was subjected to enzymatic study 
by the spectrophotometric method. This diketone has an absorption curve 
similar to that of an aliphatic 2,4-diketo acid with a band at 2950 A at pH 
10. After incubation of acetylacetone with the partially purified liver 
preparation for 30 minutes at values of pH from 6.8 to 8.4, the greatest 
decrease in absorption was 5 per cent. It would appear, therefore, that 
replacement of the carboxyl group of 2,4-diketovaleric acid by a methyl 
group renders the compound much less susceptible to enzymatic attack. 


DISCUSSION 


The 2,4-diketo acids have received relatively little attention from bio- 
chemical workers. In 1937, IXtrebs and Johnson reported the formation of 
acetoacetic and 3-hydroxybutyric acids from 2,4-diketovalerate in liver 
slices (21). These authors postulated a condensation of acetic and pyruvic 
acids to yield 2,4-diketovaleric acid, followed by decarboxylation of the 
latter, resulting in ketone body formation. However, recent experiments 
with C'S appear to rule out 2,4-diketovalerate as an intermediate in the 
formation of acetoacetate from pyruvate (25). In studies on intact ani- 
mals, Lehninger found that fasting ketosis was greatly augmented by 
the administration of 2,4-diketovalerate. However, this compound also 
appeared to protect against death by insulin hypoglycemia. Furthermore, 
a small rise in the blood pyruvate level was noted after injection of 2,4-di- 
ketovalerate (25). In contrast to the latter compound, 2,4-diketo- 
octanoate was only slightly absorbed from the gastrointestinal tract of rats 
and did not increase the oxygen consumption of rat tissue slices (14). 

The present experiments show that pyruvate is formed from 2,4-diketo- 
valerie acid and other acylpyruvic acids in extracts of liver and kidney. 
Acetate and pyruvate are formed from 2,4-diketovalerate in about the 
same molar ratio. ‘The reaction occurs aerobically and anaerobically, and 
without detectable acetoacetate formation. Furthermore, pyruvate was 
formed from 2,4-diketovalerate in experiments with liver slices under con- 
ditions similar to those of Ixrebs and Johnson. ‘The enzymatic conversion 
of 2,4-diketoundeeylate to octaneate and pyruvate has also been demon- 
strated. These data are compatible with the following general equation in 
which hydrolysis of an acylpyruvic acid yields 1 mole each of pyruvie acid 
and the corresponding fatty acid. 
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R—C—CH.—C—COOH H:O RCOOH + CH;CCOOH 

O O O 
The term ‘“‘acylpyruvase”’ is proposed for the enzyme or enzymes which 
catalyze this reaction. If the rates of hydrolysis of the aliphatic diketo 
acids (Table IV) are plotted as a function of carbon chain length, two 
maxima are obtained which correspond to substrates with 6 and 10 carbon 
atoms in the chain. The introduction of methyl groups in the 5 position 
of the diketohexanoie acid molecule resulted in decreases in rate of 37 and 
74 per cent for the 5-methyl and 5,5-dimethyl derivatives, respectively, 
Similarly, 2,4-diketo-6-methylheptanoic acid was hydrolyzed more slowly 
than the normal 7-carbon diketo acid. ‘The optimal rate for hydrolysis of 
the 5-, 6-, and 7-carbon normal diketo acids occurs at the pH range 7.2 to 
7.9, while that for the normal diketo acids containing between 8 and 11 car- 
bon atoms is pH 8.0 to 8.9. Under the conditions employed 2 ,4-diketo- 
hexanoate and 2,4-diketocaprate are hydrolyzed more rapidly than the 
other diketo acids studied and in addition these substrates have significantly 
different pH optima. These findings suggest the possibility of the existence 
of more than one acylpyruvase. However, similar activity ratios were 
obtained with the partially purified enzyme preparation. It 1s possible 
that other factors may be responsible for these findings and further study 
of the possible multiplicity of acylpyruvase is necessary. : 

The role, if any, of acylpyruvase in intermediary metabolism remains to 
be elucidated. Apparently 2,4-diketo acids have not yet been isolated 
from biological material, although a closely related compound, a-keto-y- 
hydroxyvaleric acid, was isolated from the products of pyruvie acid fer- 
mentation by Staphylococcus albus by Fosdick and Rapp (27). The 
possibility of a reversal, under certain circumstances, of the equation given 
above with the formation of 2,4-diketo acids from pyruvie acid and fatty 
acid, as originally suggested by Krebs and Johnson for pyruvic and acetic 
acids, must be considered. ‘This is of special interest in view of the acceler- 
ation by pyruvate of the incorporation of acetate carbon into liver fatty 
acids (28). The occurrence of a,y oxidation of fatty acids has never been 
demonstrated, although Jowett and Quaste! considered this mechanism for 
the oxidation of odd carbon fatty acids (29). The possiblity of a oxidation 
has also been considered by Witzemann (30). Breusch and Ulusoy have 
reported that 3,5-diketohexanoic acid is converted to acetoacetate when 
incubated with cat liver suspensions (23). I<idney suspensions were in- 
active, as were those of other organs. ‘These authors found that 1.3 moles 
of acetoacetate were formed from each mole of substrate, this result being 
considered in harmony with the 6 oxidation-condensation theory. Breusch 
and Ulusoy conclude that a,y oxidation of fatty acids is unlikely, since 
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when 2,4-diketohexanoic acid was incubated with cat liver suspensions no 
trace of acetoacetate was formed. However, the present data indicate that 
2, 4-diketohexanoie acid is hydrolyzed to yield pyruvie acid under condi- 
tions similar to those of these workers. The reluctance of previous workers 
to pursue the possibility of a@,y oxidation of fatty acids is understandable in 
the light of impressive evidence supporting the 6 oxidation theory. How- 
ever, evidence excluding the occurrence of a,y oxidation with subsequent 
pyruvate formation as a possible alternative pathway of fatty acid oxida- 
tion has not yet been reported, and, in view of the present findings, further 


work along these lines seems desirable. 


The authors wish to thank Mr. Charles Kinser for performing the ele- 
mental analyses. 


SUMMARY 


It has been found that extracts of liver and kidney catalyze the hy- 
drolysis of 2,4-diketovaleric acid, yielding nearly equivalent amounts of 
pyruvic and acetic acids. ‘This reaction occurs aerobically and anaerobi- 
‘ally, and without detectable acetoacetate formation. The effeets of 
substrate and liver extract concentration on the rate of hydrolysis have 
been studied. T*ormation of pyruvic acid from 2,4-diketovalerie acid has 
also been demonstrated in liver slices. A series of eleven other 2,4-diketo 
acids 1s hydrolyzed in a similar manner to yield pyruvic acid. The hydroly- 
sis of 2,4-diketoundecylic acid resulted in the appearance of equimolar 
amounts of pyruvic and octanoic acids. Of the diketo acids studied, 2,4- 
diketohexanoic and 2,4-diketoeapric acids are hydrolyzed most rapidly. 
The pH optima for hydrolysis of the normal aliphatic 2,4-diketo acids are 
in the range 7.2 to 7.9 for the 5-, 6-, and 7-carbon acids, and 8.0 to 8.9 
for the acids containing between S and 11 carbon atoms. The term 
“acylpyruvase” is proposed tor the enzyme or enzymes which catalyze 
2,4-diketo acid hydrolysis. Acylpyvruvase activity is present in the liver 
and kidney of the rat, rabbit, eat, and mouse. All other tissues studied, 
including primary rat hepatoma, possess little enzymatic activity. <A 
partially purified enzyme preparation has been obtained from rat liver. 

Methods of preparation of the disodium salts of 2,4-diketo acids are 
given. The ultraviolet absorption spectra for the ethyl esters of aliphatic 
and aromatic 2,4-diketo acids and the relationship between enolization 
and ultraviolet absorption are described. A spectrophotometric method 
for the determination of acylpyruvase activity is presente. 

Implications of these findings in terms of intermediary metabolism are 


discussed. 
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CYTOCHEMICAL STUDIES ON THE CHICKEN 
ERYTHROCYTE 


I. AMINO ACID CONTENT AND DISTRIBUTION* 


By R. M. MELAMPY 


(From the Depariment of Phystology, University of Illinois, Urbana) 
(Received for publication, April 29. 1948) 


Chicken erythrocytes possess many characteristics which make them a 
desirable material for experimental studics in cytochemistry, particularly 
those dealing with the chemical composition of various structural com- 
ponents within the cell. Avian erythrocytes have been used as a con- 
venient source of material for the isolation of nuclei. Investigations along 
such lines were reported as early as 1869 by Plosz (1) and Ackermann (2), 
in 1904, prepared nuclei from chicken erythrocytes by laking cells in 
distilled water and precipitating the nuclei in 3.6 per cent sodium chloride. 
Warburg (3) used freezing and thawing as a technique for isolating nuclei. 
More recently, however, Laskowski (4) recommended lysolecithin as a 


hemolyzing agent and Dounce and Lan (5) suggested saponin for this 
purpose. Isolated chicken erythrocyte nuclei have been used as a source of 


material for recent biochemical studies on the composition of chromosomes 
(6), electron microscope studies of isolated chromosomes (7), and studies on 
the influence of irradiation on the respiration of nuclei (8). 

This report presents data on the distribution of certain amino acids in the 
proteins of the nucleus and cyioplasm of the chicken erythrocyte. Data 
are also given on the dry weight and nitrogen content of whole cells and 
isolated nuclei. 


Materials and Methods 


Preparation of Erythrocyles—Y¥ive samples of dried erythrocytes, each 
weighing about 2.5 gm., were prepared and used for the determination of 
amino acids and total nitrogen. The method for collecting the blood as 
well as the procedure for washing and drying the cells 1s described in an 
earlier report (9). 

Preparation of Nuclei—Five lots of erythrocytes were prepared and after 
the last washing were resuspenced in buffered saline containing 0.3 per cent 

* This work was supported by funds from the Research Board of the University of 
linois. Acknowledgment is made of the help of Professor H. H. Mitchell. Sodium 
pteroylglutamate used in the assay media was supplied by Dr. T. H. Jukes, Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New York. 
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Merck’s purified saponin as used by Dounce and Lan (5). The erythro- 
cytes were allowed to stand with oceasional stirring for 20 to 30 minutes 
until lakel. The isolated nuclei were then washed 10 times with physio- 
logical saline adjusted to pH 7.0 with m/15 phosphate buffer. Nuclei pre- 
pared in this way were slightly yellow in color, and in microscopic appear- 
ance were similar to those prepared by Laskowski and Ryerson (10). A 
hematocytometer was used to make the nuclear count. It must be 
emphasized that about 2) per cent of the nuclei in our preparations pos- 
sesse.| tenuous stromata; this observation, confirms the earlier findings of 
Dounce and Lan (5) and Laskowski and Ryerson (10). These nuclear 
preparations were dried at 105° and stored for chemical analyses and 
microbiological assays. 

Preparation of Hydrolysates—Al\ materials were dried to constant weight 
before samples were taken for hydrolysis. 1 gm. samples of dried erythro- 
eytes and nuclei were transferred to vials prepared by drawing out 150 X 22 
mm. Pyrex test-tubes. To each vial 10 ml. of 10 per cent (by volume) hy- 
drochloric acid were added. The vials were sealed and autoclaved for 10 
hours at 15 pounds pressure. After being cooled, the ampuls were broken 
and the hydrolysate was washed into a beaker with a small amount of wa- 
ter. The hydrolysate was neutralized with 5 N sodium hydroxide, the 
pif adjusted to 6.8, and the solution was filtered and diluted to a final vol- 
ume of 50 ml. with water. The hydrolysates were stored under toluene in 
a refrigerator and aliquots were diluted with distilled water before being 
assayed. 

Assay Procedur Ss Microbiological assays were used LO determine the 
amounts of the various amino acids present in the hydrolysates. The 
histidine, arginine, and lysine analyses reported here were made by the 
Shankman Laboratories, Los Angeles, California; the assay procedure for 
arginine was similar to that of McMahan and Snell (11) except that the 
serine content of the basal medium was increased 50 per cent and hydroxy- 
proline omitted. Lactobacillus casct was the test organism. Lysine and 
histidine were assayed with the medium described by Dunn ef al. (12), 
with Leuconostoc mesenteroides P-0O0. 

The method for the determination of amino acids as developed by Stokes, 
(sunness, Dwyer, and Caswell] (13), with plococe US fa calis, was em- 
ployed to determine leucine and isoleucine in the erythrocytes and trypto- 
phan in both the whole cells and the isolated nuclei. The valine and 
threonine contents of the erythrocytes were determined with Lactobacillus 
arabinosus 17-5 according to Hier, Graham, Freides, and Klein (14). The 
medium of Schweigert, McIntire, Elvehjem, and Strong (15) with Lacto- 
bacillus arabinosus 17-5 as the assay organism was used for methionine and 
phenylalanine and, in addition to these, for leucine, isoleucine, valine, and 


threonine in the hydrolysates of the nuclei. 
according to the method of Gunness, Dwyer, and Stokes (16), with Lacto- 


bacillus delbrueckii LDS. 


R. M. MELAMPY 


Tyrosine was determined 


Amino Acids and Total Nitrogen of Dried Chicken Erythrocytes and Nucte 


The results are expressed in mg. per gm. 


Amino acids 


Arginine. 
Lysine.. 
Leucine. 
Isoleucine..... 
Valine..... 
Methionine. .. 
Threonine 
Tryptophan. ... 
Phenylalanine 
Total N, micro-Kjeldah! 


Nuclear and Cytoplasmic Distr: 


Histidine 
Arginine 

Leucine. 
Isoleucine....... 
Valine. . 
Methionine 
Threonine 
Tryptophan 
Phenylalanine. 
Tyrosine 


The data obtained from the analyses of five sumples of whole erythrocytes 
and isolated nuclei are presented in Table I. 


Standard 
deviation 


0.4 


in Chicken Erythrocyte 


Cytoplasmi 
N uc lear 


ratio 


the total nitrogen values 
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were obtained by the micro-Kjeldah] and Dumas methods on moisture- 
free samples. It is to be noted that the values are practically the same 
with both procedures. ‘Total nitrogen was also determined on a moisture- 
free, lipide-free basis, and in the case of the erythrocytes it was 15.8 per cent 
and in the nuclei 12.5 per cent. The nuclear material constituted 23.7 per 
cent of the dry weight of the erythrocytes (10.5 X 10° y per cell). By 
using the average dry weight per single cell of 44.5 & 1[0°® y, it was possible 
to calculate the amounts of the various amino acids contained in the pro- 
teins of the cytoplasm which are removable by hemolysis with saponin and 
the amounts of those present in the nuclear material. The nuclear and 
cytoplasmic distribution of the amino acids determined in this work is 


presented in Table IT. 
DISCUSSION 


A comparison of the amino acids contained in the whole erythrocytes 
with those in isolated nuclei, as given in Table I, shows that cells are higher 
than nuclei in histidine, lysine, leucine, isoleucine, valine, methionine, 
threonine, tryptophan, phenylalanine, and tyrosine. On the other hand 
nuclear material is somewhat higher in arginine. It is also of interest that 
the cells contain approximately 6 times more histidine and tryptophan than 
does nuclear material. 

The data presented in Table IT are more significant than those in Table I 
in evaluating the chemical basis of the organization of this cell, particularly 
the cytoplasmic-nuclear ratio of the various amino acids. Ilowever, the 
functional significance cannot be determined at this time. Mirsky and Ris 
(17) in their work on the composition of chromosomes have found a low 
tryptophan content in the histones of fowl erythrocytes. The results pre- 
sented here confirm this finding, as the tryptophan content of a single 
nucleus is 0.03 & 10~° y, which represents the smallest quantity of any of 
the amino acids determined. Arginine is the most abundant amino acid in 
these nuclear preparations (0.60 Leucine is present in relatively 
large amounts (3.70 & 10°-* y) in the cytoplasm, whereas the concentration 
of methionine (0.50 & 10-* y) 1s one of the lowest according to the data in 
Table II. It should be mentioned that hemoglobin contributes a major 
portion of the amino acids found in the cytoplasm of the chicken erythro- 
cyte. Furthermore, in evaluating the analytical data presented in Tables I 
and II it is necessary to stress that the residual stromata retained by the 
nuclei have contributed to the composition of the material analyzed. 


SUMMARY 
The distribution of several amino acids in the nuclear and cytoplasmic 
proteins of the chicken erythrocyte has been determined by use of micro- 
biological assays. 


i 
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The total nitrogen content of chicken erythrocytes on a moisture-free, 


lipide-free basis was 15.8 per cent nitrogen and of the isolated nuclei 12.5 
percent. The average dry weight of a single erythrocyte was 44.3 K 10-° y 
and of a nucleus 10.5 & 107° y. 
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A SPECIFIC COLOR REACTION OF METHYLPENTOSES AND A 
SPECTROPHOTOMETRIC MICROMETHOD FOR 
PHEIR DETERMINATION* 


ZACHARIAS DISCHE ann LANDRUM B. SHETTLES 


(From the Department of Brochemistry and the Department of Obstetrics, College of 
Physicians and Surgeons, Columbia University, New York) 


(Received for publication, April 13, 1948) 


Methylpentoses have been known for a long time as constituents of 
polysaccharides of plant and bacterial origin. Only recently fucose was 
found in the animal body as a constituent of blood group substances, com- 
bined with other sugars. ‘These polysaccharides seem to be widely dis- 
tributed in animal tissues and probably are of biological importance. No 
method has so far been available for determining small amounts of methyl- 
pentoses in the presence of other sugars. Dische (1) recently described a 
group of color reactions of carbohydrates with SH compounds in H-SO,. 
These color reactions are characteristic for various classes of carbohydrates 
(desoxypentoses, pentoses, methylpentoses, hexoses, hexuronic acids) and 
for individual hexoses and hexuronic acids. ‘This report Ceals with one of 
these reactions which was found usable for the detection and determination 
of 2 to 10 y of methylpentose in the presence of a considerable excess of 
other sugars. 


EXPERIMENTAL 
Simple Qualitative Test 


Procedure—TVo 1 ec. of a solution containing 50 y or more of a methyl- 
pentose ina 16 & 150mm. test-tube are added with cooling in ice 4.5 ec. of 
a mixture of 1 volume of H.O and 6 volumes of H.oSO,, c.p. The mixture 
is then warmed to 20-22° for a few minutes, held for either 3 or 10 minutes 
in an actively boiling bath, and finally cooled in tap water. To the cold 
solution 0.1 ce. of 3 per cent aqueous cysteine hydrochloride is added with 
shaking. A greenish vellow color appears and remains practically un- 
changed for 24 hours. 

Specificity of Reaction—aAs the color developed in the cysteine reaction 
depends upon the time of heating, we have distinguished two types of the 
reaction, designating them by CyR3 and CyR10, respectively. The green- 
vellow color is characteristic for methylpentoses in only CyR10. Here 
pentoses, hexoses, and hexuronic acids give a pink color. In CyR3 hexoses 
show also a vellow color. This, however, decreases rapidly in intensity 
Gin contrast to the reaction obtained with methylpentoses) and, except in 

* This work was supported by a grant of the Donner Foundation, Inc., Cancer 
Research Division. 
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the case of mannose, changes into another color: green for glucose and 
fructose, blue for galactose and sorbose. Apart from this instability the 
yellow reaction product of hexoses differs from that produced by methyl- 
pentoses in its absorption spectrum. 


Spectrophotometric Test for Mri thylpe 


Absorption Spectra of and CyR10 of Various Sugars--Wheresas 
CyR10 appears more specific than CyR3, the latter has the advantage of 
making it possible to detect and to determine hexoses as well as methyl. 
pentoses at the same time in one sample. For this reason the absorption 
spectra for both types of {‘yR are given in Figs. 1 and 2. bor spectro- 
photometric measurements a much lower concentration of methylpentoses 
can be used than for the qualitative test. In our experiments they ranged 
between 2 and 10 y per ce. The absorption spectra of methyvlpentoses are 
almost identical in both types of CyR. They show a sharp maximum at 
4000 A and the range of the absorption is between 3600 and 4300 A. In 
the 10 minute reactions the curves of pentoses and hexuronic acids are 
practically horizontal in this range. Desoxyribonucleic acid shows a 
weak maximum at 3800 A and glucose a weak, barely perceptible maximum 
at 4150 A, with very high values of transmission in the whole range. In the 
3 minute reaction, however, all hexoses show a strong absorption between 
3600 and 4300 A, with an almost symmetrical peak at 4159 A, while the 
other sugars behave as in CyR10. 

Absorption Increment between Two Wave-Lengths As Test for AMcthyl- 
pentose—These great differences in the absorption spectra of CyR of 
various Classes of sugars enable us to detect 2 to 10 y of methylpentose in 
the presence of an excess of other sugars in the following way. As can be 
seen from Figs. 1 and 2 and Tables I and II, the CyR of methylpentoses 
shows practically no absorption at 4300 A. On the other hand, hexoses 
show in CyR3 a considerable absorption at this wave-length, owing to the 
difference in the position of the maximum of the absorption curve, and a 
small but definite absorption in CyR10. Because of the symmetric shape 
of the absorption curve of hexoses with regard to the peak at 4150 A, the 
absorption at 4300 A is equal to that at 3969 A.’ At this latter wave- 


1 In some experiments carried out recently, the wave-length at which the absorp 
tion of CyR3 of hexoses was equal to Fag was not 4300A but 4270A. These small 
Variations were probably due to variations of the time necessary to bring the re- 
action mixture to 100° after immersion in boiling water. For the detection and de- 
termination of methylpentoses in solutions containing hexoses it is, therefore, nee- 


easaryv to run in every determination a hexose standard and find the exact wave- 
length at which / CyR3 of hexoses equals Fe. Because of the identical shape of 


absorption curves of CyWt3 of all four natural hexoses, any one of them can be used 
as standard for this purpose, no matter which one is present in solution. 
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length the methylpentoses show almost maximum absorption. The 
difference hat ween the extinetion eoefhicients ot 2060 A and 4300 
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Fic. 1. Absorption spectra of CyR10 of various sugars determined with a Beckman 
spectrophotometer. Curve I, arabinose 5 mg. per cent: Curve II, glucose 5 mg. per 
cent: eee Mannose per cent: Curvy IV. fy uctose 5 mie. per cent Curve 
desoxyril onuclete acid Do 
Cur. e VII. fucose ] mg. per cent; Curve VIII. galacturonic acid 10 mg. per cent: 
Curve IX, galactose 5 mg. per cent 


mg. per cent; Curve VI, glucuronic acid 10 mg. per cent; 


E4300, designated AE 3960-1390, is therefore in both types of CyR highly 
positive for methylpentoses. 19 y of fucose in lee. of the unknown soln- 
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tion give AF’39¢0-4390 Of 220 to 230. AF 3260-2300 is practically zero in CyR10 
for desoxyribose, hexoses, pentoses, and hexuronic acids (Table I). In 
CyR5 it is zero for hexoses and for desoxyribose and slightly negative for 
hexuronic acids; pentoses give in CyR3 a slightly positive value, which, 
however, corresponds to no more than 1 per cent of the value for an 
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Fra. 2. Absorption spectra of CyR3 of various sugars determined with a Beekman 
spectrophotometer. Curve I, arabinose 5 mg. per cent; Curve II, glucose 5 mg. per 
cent; Curve III, yeast adenylic acid 10 mg. per cent; Curve IV, mannose 5 mg. per 
cent; Curve V, fructose 5 mg. per cent; Curve VI, desoxvribonucleie acid 50 mg. per 
cent; Curve VII, glucuronic acid 10 mg. per cent; Curve VIII, fucose 1 mg. per cent; 
Curve IX, galactose 5 mg. per cent. 


equivalent amount of methylpentose. As pentoses show a pink Cy with 
an absorption maximum at 5400 A, any significantly positive AF 3.6o- 4390 
due to pentoses will be accompanied by a distinetly pink color of the 


reaction mixture. Any positive value of AF ’3.0-43)0 Which cannot Le ac- 


counted for by a corresponding amount of pentoses, indicates, therefore, in 
hoth types of CyR the presence of methylpentoses in solution. As can 
be seen from Tables T and IL, AZ 3960-4300 of a methylpentose is not affected 
at all by a 4-fold excess of a hexose or an 8-fold excess of a pentose. 


| 
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Quantitative Determination of Methylpentoses in Solutions 


AF 'a¢9-4390 AS Quantilative Measure for Methylpentoses—It can be seen 
from Tables I and II that of a methylpentose is strictly pro- 
portional to the concentration of the sugar. As stated above, it is not 


TaBLe I 
Extinction Coefficients at 4300 and 3950 A and Their Differences for CyR10 
of Various Sugars 
Zeadings 1 hour, 30 minutes to 2 hours, 30 minutes after the addition of cysteine; 
Beckman spectrophotometer. 


| CyR10 
‘ment Substance | — 
NO. | E4200 E3960 
img. per ceni | 
1 . Glucose 5 0.0389 | 0.039 | 0 
Fructose 5 0.066 | 0.053 | —0.013* 
Mannose o | 0.024 | 0.024 | 0 
Galactose 5 | 0.026 | 0.033 | +0.007 
Arabinose 0.020 | 0.019 | —0.001 
Desoxyribose nucleic acid | 25 0.025 | 0.021 | —0.004 
- Glucuronie acid 10 0.007 | 0.010 | +0.003 
| Galacturonic acid 10 0.010 | 0.014 | +0.004 
Fucose 0.012 | 0.192 | +0.180 
| 0.5 0.005 0.097 | +0.092 
| 2 | | 14040 
Galactose 2.5 | 0.010 | 0.012 | +0.002 
|) F&F 
| 5 0-016 0.110 | +0.004 
Arabinose 5 0.015 | 0.015 | 0 
0.025 0.115 | +0.090 
+ fucose 0.0 
0.004 0.099 +0.095 
serum albumin 50 


* Fructose reacts under conditions of CyR10 with sulfurie seid alone, giving a pink 
color. The absorption of this reaction measured against a blank without cysteine 
was subtracted from the absorption of the sample containing cysteine. Other sugars 
do not react significantly with H,SO,; alone. The absorption spectrum of fructose 
in Fig. 1 is not corrected in this way. 


influenced by a considerable excess of hexoses or pentoses. By comparing 
AF ax 3300 Of an unknown solution with that of a standard solution of 
fucose or rhamnose, it should be possible to determine methylpentoses in 
solutions like hydrolysates of polysaccharides containing other sugars. 
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Readings 1 hour, 30 minutes to 2 hours, 30 minutes after the addition of cysteine; 


Beckman spectrophotometer. 


Experi- | 


* 
ment | Substance 
No. | 
1 | Fucose 


| Galactose 

+ fucose 
Glucose 

| Glycogen 

2 | Fucose 

+ ribonucleie acid 
Hyaluronic acid 


Chondroitinsulfuriec acid 


Desoxyribonucleic acid 


Glueose 
Ribonucleic acid 
4 | Fueose 


+ galactose 
+ acetylglucosamine 


Rhamnose 

5 Glueose 
Yeast adenvlic aeid 
Mannose 
Fructose 
Desoxyribose nucleic acid 
Musele adenylic acid 
Gluecuroniec acid 
Galacturonie acid 


Fucose 
+- arabinose 
luecose 


+ serum 


COLOR REACTION 


OF METHYLPENTOSES 


TABLE I] 


Extinction Coefficients at 4300 and 8960 A and Their Differences for CyR3 of 
Various Sugars 


me. per cent 
0.003 
0.5 0.003 
2.0 0.074 
0.077 
2.9 0.117 
0.29] 
l 0.056 
0.052 
10 
25 0 O26 
3C O OO] 
20 0.046 
20 0.145 
22.0 0.027 
] 0.008 
i 
U.145 
5 
0.254 
0.12 
0.205 
O10 
0 O14 
OOS 
OO2 
0.25 
100 0 
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TaBLeE [1—Concluded 


No. | 
i mg. per cent | 
7 | Blood group substance A 10 | 0.098 | 0.255 | +0.157 

20 0.211 | 0.530 | +0.317 
Fucose ] | 

4+ galactose 2.5 0.085 | 0.297 | +0.212 
+ acetylglucosamine 5 | 

s | Hydrolysate of blood group sub- 10 0.095 | 0.220 +0.125 
| stance A | 
Fucose | 

0.135 | 0.341 | +0.206 

| + galactose en | 
| Mixture of blood group substances 10 0.067 | 0.232 | +0.165 


It is necessary to run a standard every time with the unknown and make 
the readings at least 1 hour after addition of cysteine. 

Determination in Polysaccharides—To test the possibility of determining 
methylpentoses in non-hydrolyzed polysaccharides AF 390-4300 Was deter- 
mined with Cyt3 in solutions of two preparations of blood group substances 
from hog stomach mucosa... Preparation | was obtained from the mucosa 
of several stomachs and represented a mixture of blood group substances 
A and O. Preparation Il was prepared from one single stomach and 
purified so that it contained only substance A. The values obtained for 
fucose were 6.7 per cent for Preparation | and 7.75 per cent tor Preparation 
If. A hydrolysate of Preparation Il gave 5.9 per cent of fucose (Table 
I]). Asa certain amount of fucose is undoubtedly destroyed during hy- 
drolvsis, it is impossible to estimate the accuracy of the values obtained 
with unhydrolyzed preparations. However, since these values are pro- 
portional to the amount of polysaccharide (see Table II), it 1s clear that 
the method can be used safely for comparative determinations in various 
preparations of a certain type ol polysaccharide. 

Determination tn Substrates of biological Origin—W hen CyR is used for 
determinations of methylpentoses in materials of biological origin such as 
tissue extracts, it must be kept in mind that many organic substances give 
colored reaction products when heated with sulfuric acid. In these cases 
therefore it is necessary also to prepare samples of the unknown solution 
of the standard and a water blank to which no cysteine is alded after heat- 
ing with HLSO,. Phe absorption due to Cyl 1s obtained by subtracting 
the absorption of a sample without cysteine from that with cysteine. The 


> We are greatly indebted to Dr. Kar! Meyer and Dr. Elvin A. Kabat for the prep- 
aration of blood group substances. 


a 
+ 
i 
} 
} 
i? 
ie 
4 
} ¥u 
by. 
j 


602 COLOR REACTION OF METHYLPENTOSES 


absorption of the sample of the unknown without cysteine is measured 
against the water blank without cysteine. Certain body fluids like various 
kinds of mucus contain in general consideraLle amounts of proteins. In 
these substances it is not always possible to separate the polysaccharides 
quantitatively from proteins by the usual deproteinization procedures, 
The influence of 0.05 to 0.10 per cent solutions of serum albumin on 
AF’3560-4300 Was studied. As proteins give brown-colored products when 
heated with H.SO, alone, the absorption due to this latter reaction was 
measured and subtracted from the absorption due to CyR10 and CyR3. 
As can be seen in Table I, 0.05 per cent of serum albumin did not affect the 
AEF 3960-4390 Of O.OJ1 per cent fucose. O.1 per cent decreased it by onty 3 
per cent. Furthermore, in general when working with body fluids or 
tissues it is necessary to find out whether methylpentose added to the 
substrate can be recoverel. If the substrate decreases or increases the 
AF 3x60-4300 Of added methylpentose, it becomes necessary to compare 
AF 30-4390 Of the unknown solution not with that of a pure solution of 
the methylpentose, but with Al 3.024399 given by a certain amount of 
methylpentose added to the unknown solution (internal standard). 


DISCUSSION 


The investigation of the specificity of our reaction has so far been confined 
to those sugars which are commonly found in biological materials. It 
seems possible that other substances like branched or anhydro sugars, found 
less commonly or not at all in nature, may react with cysteine like methyl- 
pentoses. At present, therefore, the only conclusions that can safely be 
drawn relate to the absence of methylpentoses in an unknown material. 

However, the certainty of any identification of a sugar by color reactions 
involving decomposition of the sugar by strong acid can be enhanced con- 
siderably if the quantitative Cetermination of the respective sugar by two 
completely different color reactions yields identical results. This becomes 
clear when certain general features of the mechanism of this type of color 
reaction are considered. Every one of these reactions consists of two more 
or less indepencent steps: (1) the breakdown of the sugar and (2) the com- 
bination of products of this breakdown with certain organic “developers” 
(carbazole, indole, diphenylamine, SH compounds) to vield colored reaction 
products. ‘lhe great differences in the intensity and quality of these color 
reactions Letween diferent classes of sugars and individual sugars indicate 
that the breakdown of the sugar Ly the action of strong acid leads to a 
great variety of reaction products. The nature and quality of these prod- 
ucts depend not only on the nature of the sugar but on the conditions of 
the reactions, like strength of the acid, temperature, and time of heating 
(2). ‘Vhese conclusions are borne out by the work of Stacey (3) and as- 
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sociates on the chemistry of the diphenylamine reaction of desoxypentose. 
Further supporting evidence will be given later in a report on the general 
cysteine reaction of sugars. 

Uncer these circumstances it is improbable that two classes of s gars 
should both give respectively icentical absorption in the same range of 
their spectra in two different reactions. It, therefore, appears important 
in any preliminary identification to estimate the amount of the individual 
sugars by two color reactions, difiering in temperature, time of heating, 
and concentration of the acid. 

The question of the quantitative accuracy of this reaction when applied 
to non-hydrolyzed polysaccharides cannot be settled by a comparison with 
results obtained on hydrolysates, because of the possibility of decomposi- 
tion of sugar during hydrolysis. The extent of this may depend on specifie 
linkages in the polysaccharide and cannot be calculated safely by controls 
on pure sugar solutions. If, however, the determination of the respective 
sugar in the non-hydrolyzed polysaccharide by two different methods gives 
identical results, it is fairly safe to assume that these values are correct. 
Under any circumstances, however, the procedure can be used for compara- 
tive determination of methylpentoses in various preparations and tissue 
extracts. 

In the animal body a methylpentose, fucose, has been found as a con- 
stituent of the so called blood group substances. It is combined here with 
galactose. ‘The detection of a methylpentose in tissues or body fluids will, 
therefore, suggest the presence of blocd group substances. This inference 
would be strengthened by finding an appropriate amount of galactose in 
the same material. It is possille to determine hexcses by their cysteine 
reaction in the same sample in which the determination of methylpentoses is 
carried out. A procedure for this purpose will be reported in a subsequent 
paper. 

SUMMARY 

1. A new characteristic color reaction of methylpentoses is described. 

2. A spectrophotometric micromethod for the Cetection and cetermina- 
tion of methylpentoses in the presence of an excess of other sugars Is 


elaborated. 
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NITROSOTOCOPHEROLS; THEIR USE IN THE CHEMICAL 
ASSAY OF THE INDIVIDUAL TOCOPHEROLS IN A 
MIXTURE OF THE a, 8B, y¥, AND 6 FORMS* 

By MARY LOUISE QUAIFE 


(From the Research Laboratories of Distillation Products, Inc., Rochester, New York) 


(Reeeived for publication, April 29, 1948) 


Four naturally occurring members of the vitamin E group greatly differ- 
ent in biological activity are now known, and it is desirable to have analyt- 
ieal methods by which to differentiate them. In this paper is described a 
procedure by which three of them can be specifically determined. It 
involves the formation, chromatographic separation, and photometric 


measurement of the nitroso derivatives of 8-, y-, and 6-tocopherols.  a- 
tocopherol can be estimated by difference between total tocopherols and 
the sum of §-, y-. and 6-tocopherols. | 

We have tound that alcoholic solutions of 8-, y-, and é-tocopherols, but 
not a-tocopherol, form vellow nitroso derivatives on treatment with 
nitrous acid.! The rate of color development differs markedly for the 
three ‘‘non-a-tocopherols” as shown in Fig. 1. On treatment with alkali 
the nitrosotocopherols turn red. Measurement of color at this stage 1s not 
suitable as a method, since the aqueous-alcohol solution would be turbid 


due to fat which accompanies vitamin E in biological materials. However, 
| on dilution with water and extraction into petroleum ether (Skellysolve 
| H), the nitrosotocopherols give clear, stable yellow solutions suitable for 
assay purposes. 
| The spectra of the nitrosotocopherols are shown in Fig. 2. They are 
very similar to those of some o-nitrosophenols given by Cronheim (2). 
Moreover the positions of absorption maxima and minima appear to obey 
his rules, e.g., (Rule 1) the wave-length of minimum absorption increases 
' with the number of substituents in the benzene ring, and (Rule 2) the 
} wave-length of maximum absorption depends upon the position relative 
to the hydroxyl group of the nearest substituent (except the nitroso group). 
Thus, as an illustration of Rule 1, the nitroso derivative of 6-tocopherol 
has an absorption minimum at 340 my, while nitroso-3- and nitroso-y- 
tocopherols, with one more methyl group each, have absorption minima at 


‘Communication No. 132 fromthe Research Laboratories of Distillation Products, 


Ine. 
'That nitrous acid gives a color with 8- and y-tocopherols, but not a-tocopherol, 


dissolved in aleoholie solution was noted by Secudi and Buhs (1), who attributed the 


color to formation of tocopheryl quinone. 
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about 355 mz. To illustrate Rule 2 Cronheim gives the wave-lengths of | 
the absorption maxima of nitrosophenols classified according to the position | 
of the nearest substituent, other than nitroso, relative to the hydroxy] | 
group. These are para, 390 to 395 my; meta, 400 to 405 my; ortho, 410 to 
120) The nifrosots oplhe rols correspond exactly this classification. 
Absorption maxima oceur at and 405 Mi, respectively, for nitrose 


B-, y-, and 6-tocopherols, and the former two are ortho-substituted while 


the latter is meta. 
Red forms of the nitrosophenols ean be produced 11) petroleum ether by 
| 
| 
$09- 
x 
w cROL 
Bor 
° 
06 
wos ®-TOCOPHEROL 
504 
| 
¥-TOCOPHEROL | 
| 
> 
| 
| | 
40 36 60 76 6060 90 
TIME (MINUTES) | | 
Fic. 1. Nitrosation of tocopherols in ethanol solution; color change with time. | 
Each solution contained 1.5 mg. of tocopherol dissolved in 5 ml. of ethanol, 0.2 ml. of | 
glacial acetic acid, and 3 ml. of 2 per cent sodium nitrite (aqueous) | 


shaking with a small amount of base such as trimethylbenzvlammonium 
hydroxide. The colors are not stable. 

Unlike other o-nitrosophenols, the nitrosotecopherols do not appear to 
give metallic complexes. Petroleum ether solutions of the nitrosotoco- 
pherols, when shaken with aqueous <o}utions of en + or Cot + adjusted 
to pi hear neutrality, weave no color change or precipitate. Under the 
same conditions, 3-nitroso-a-naphthol gave voluminous precipitates. 

The procedure which has been developed for the assay of the individual 
or of combined non-a-tocopherols is as follows. 


Reagents 
Glacial acetic acid. 
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Sodium nitrite (2 gm. per 100 ml. of distilled water). Keep in the ice 


box. Let warm to room temperature before using. Make fresh every 


few davs. 

Potassium hydroxide (20 gm. per 100 ml. of distilled water). 

Anhydrous sodium sulfate. 

Skellvsolve H. 

Method—All operations should be performed under subdued artificial 
ight. 

Place exactly 5 mi. of an absolute ethanol solution of the oil containing 
at least 0.25 mg. and not more than | mg. of non-a-tocopherols in a 50 mil. 
glass-stoppered graduated cylinder. Add exactly 0.2 ml. of glacial acetic 
NITROSO - TOCOPHEROL 


Z2-NITROSO ¥- TOCOPHEROL 
3-NITROSO B - TOCOPHE ROL 


3) 


© 
> 
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600 
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© 


Fig. 2. Absorption spectra of the nitrosotocopherols in Skellvysolve H. These 
were determined with the Beckman spectrophotometer on regular assay solutions 
with a similar blank. Concentration in each solution was approximately 1.5 mg. of 


tocopherol per 12 ml. of solution 


acid. Swirl to mix. Add exactly 3 ml. of sodium nitrite reagent from a 
fast delivery pipette. Swirl vigorously for 5 seconds to mix. Let stand 
exactly 60 seconds. Add 2 mil. of potassium hydroxide reagent and mix. 
Add roughly 10 mil. of distilled water, a pinch of anhydrous sodium sulfate, 
and exactly 12 ml. of Skellvsolve TH]. Stopper, shake vigorously for 30 
seconds, and let settle. Transfer at least 10 ml. of the upper laver to an 
Evelyn photometer tube and read with Filter 400 against a blank which 
has been prepared In) exactly the same fashion. Or determine the densit v 
at 410 my in the Beckman spectrophotometer, using a similar blank. 


Caleulation—For Evelyn photometer readings, C = Lio & A, where C 
= mg. of non-a-tocopherols in the original 5 ml. of aleoholie solution and 
Lio = 2 — log Gu. For Beckman spectrophotometer readings use a 


calibration curve. Construction of this is discussed below 
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Calibration Data—These data were determined with pure, natura] 
(dextro) 8-, y-, and 6-tocopherols. Table I gives Beckman spectrophoto- 
meter density readings at 410 mp. Nitroso-y-tocopherol values, obtained 
in triplicate, and nitroso-8-tocopherol, in duplicate, show reproducible 
values and a straight line relationship between color and concentration 
determined over a wide range. However, 6-tocopherol appears to give 
more variable results, especially at higher levels of concentration. Fo, 
this reason the Evelyn photometer, which is more sensitive than the 
Beckman, may be the preferable instrument. [t is also simpler and more 
convenient to use. Values obtained with the Evelyn photometer for the 
three tocopherols, with Filter 400, are given in Table I]. Mean K values 
of 1.57, 1.13, and 1.10 were found for 8-, y-, and 6-to “opherols, respectively, 
Combined and 6-tocopherols in a mixture (as in SOV bean oll) Can 
determined with a maximum deviation from the true value of -&7 per cent 
with the use of a mean A value, e.g., 1.12. 


EXPERIMENTAL 


IHlumination was found to be a most important factor in the method. 
Direct daylight has a destructive effect on the nitrosotocopherols, but no 
trouble is experienced if artificial light is used. 

The pH of the nitrosation reaction mixture was determined with a glass 
elect re (Beckman) pil meter. The mixture composed of 5 m1}. of ethanol 
+ (0.2 ml. of glacial acetic acid + 3 ml. of 2 per cent sodium nitrite had a 
“pH” of 4.7. Addition of 2 ml. of 20 per cent potassium hydroxide in- 
creased the pH to more than 13. The alkalization step was found necessary 
to stabilize the color after the subsequent extraction into Skellvsolve HH. 

The time of nitrosation was varied and the results compared with a 
1 minute time interval. A 10 minute period allows destruction or altera- 
tion of the nitrosotocopherol as shown by the absorption spectrum. Fig. 3 
shows spectra of nitroso-6-tocopherol prepared with a 10 minute and with 
a 1 minute time of nitrosation. In some cases s 2 minute nitrosation 
period may be of value, particularly in assaying for 6-tocopherol alone. 
The calibration curve is then more nearly a straight line in the higher 
concentration range. The 8- and y-tocopherol calibration curves prepared 
with a 2 minute interval appear to change somewhat in slope but are stil 
linear. 

The precision of assay of solutions of the tocopherols is good. For 
example, seven single assays of 0.500 mg. samples of tocopherol, each done 
on different days, gave A values (Evelyn photometer) of 1.56 + 0.017 
(standard deviation), 1.14 + 0.019, and 1.10 + 0.054 for @-, y-, and 6- 
tocopherols, respectively. For a solution of unknown potency (com- 
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TABLE I 


Calibration Data for Nitrosotocopherols with Beckman Spectroph ome 


centration, mg of Density at 410 mp 
pherol per 12 ml. 


ily soly e H 


0.500 | 0.174 


0.169 


1.00 0.351 


0.349 0.30 


1.50 0.3532 

0.529 | 0.5: 
2.00 0.719 | 

GOS 0.7 
2.50 Q 

0.892 0. 


0.500 0. 


1.00 0.482 

0.468 

O.47] 0 
1.00 0.732 

Q.42 

0.730 () 
2.00 OOO 


0.500 0.255 

0.272 

0.257 

QO. 266 0) 
1.00 0.500 

0.53% 

boo 

O.4S4 

| 0.509 
1.50 0.690 

| 0.792 
0.752 
0.698 


Individual values Mean value 
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) 
TaBLE I—Concluded 


Concentration, mg. of Density at 410 mu 
ind of tocopherol tocopherol per 12 ml. 1 cm. 
Skellysolve H Individual values Mean value values 
2.00 0.865 
1.03 
0.985 
0.845 
920 55.2 
2 SU 1.07 
1.24 
1.18 
1.04 
1.08 03.7 


* Mean for group. 


mercial distilled vitamin concentrate) eight Consecutive assays for total 
non-a-tocopherols gave 13.5 + 0.16 (standard deviation) per cent of oil, 

The color of the Skellysolve H solution of nitrosotocopherol is stable 
for periods of several hours up to a day or more in the absence of daylight. 
All operations should be carried out under subdued artificial illumination. 

The effect of oil on the ‘‘nitroso”’ assay Was studied in a few experiments. 
Olive oil, which contains neghgible amounts of non-a-tocopherols, was 
added to varying amounts of the pure tocopherols and the resultant color 
compared with control solutions of the tocopherols alone. Maximum 
deviation of +10 per cent was noted when 20 mg. of oil were added to 
0.5 mg. ol tocophero! ‘This corresponds tO tocopherol concentration 
in oil of only 2.5 per cent. The olive oil gave no color in the nitrosation 
assay. At highe: concentrations of tocopherol in oil, the effect noticed is 
much less. 

Chromatographie Separation of Nitrosotocopherols 


Into a glass-stoppered cylinder pipette at least 12 ml. of the Skellysolve 
H extract of nitrosotocopherols, prepared as directed. For this purpose 
combine duplicate assays, if necessary. Add an equal volume of distilled 
water and a pinch of anhydrous sodium sulfate. Stopper and shake the 
flask for 30 seconds in order to wash out the small amount of ethanol 
which is dissolved in the Skellysolve H layer. 

Pack a chromatograph column 15 & 1.3em. with ZuCO,-Celite (70:30); 

* The zine carbonate used is “purified, precipitated” zinc carbonate obtained from 
the J. T. Baker Chemical Company, Phillipsburg, New Jersey. Celite is diato- 
maceous earth obtained from the Johns-Manville Sales Corporation, Celite Division, 
220 Delaware Avenue, Buffalo, New York. The grade used is Celite 501. 
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TABLE II 


Calthration Data for Nitrosotocopherols with 


Concentration (C), 
Kind of tocopherol mg. of tocopherol per I sas* 
12 ml. Skellysolve H 


0.250 Loa 


0.500) V.319 
0.750 0.475 
BSS 
0.250 ().227 
500 0.438 
0.700 9.648 
1.00 0.912 
| 2 1.097 
0.290 0.244 
9.500 0.472 
750 66S 
1.00 0.854 


Bvelyn Photometer and Filter 400 


Mean K 


— 


2 1.10 


*FEach value is the mean of closely agreeing duplicate values. 


OPT:ICAL DENSITY 


300 400 


WAVELENGTH 


Fic. 3. Effect of time of nitrosation on nitroso-6-tocopherol. The top curve is of 
é-tocopherol allowed to react for 10 minutes with nitrous acid Lefore neutralization 
and extraction. The lower curve is of nitroso-6-tocopherol prepared with the usual 


l minute time interval. 
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with the use of a column having a sintered glass disk set in the bottom to 
retain the adsorbent. The adsorbent should be added under suction in 
small portions and each one tamped down firmly. 

Wet the column (under suction) with Skellysolve H. Without allowing 
air to enter the column, pipette 10.0 ml. of the water-washed Skellysolve 
H solution of the nitrosotocopherols onto the column. 

Let this run through almost completely and wash the last traces through 
with several successive small (less than 1 ml.) quantities of Skellysolve H. 

2inse down the walls of the column with a 5 to 10 ml. portion of Skelly- 
solve H. 

Without letting the column run dry, develop the chromatogram with 
pure benzene. Continue washing with benzene until the nitroso-y- and 
nitroso-8-tocopherol rings (lowest and middle, respectively) have been 
washed through Into separate receivers. Elute the nitroso-6-tocopherol 
ring (or rings) with 1:1 ether-ethanol. Collect in one container. — (Alter- 
natively, the column can be sucked fairly dry and the rings separately 
extruded with a spatula, put immediately into a flask containing ethanol- 
ether. and these filtered through filter paper containing a layer of Celite 
to remove the adsorbent. ) 

Evaporate all three eluates just to dryness under a stream of nitrogen, 
taking care not to overheat the residue. Take up each residue in 10.0 ml. 
of Skellysolve H. Let cool to room temperature and transfer to Evelyn 
photometer tubes. Read with Filter 400 against a pure solvent (Skelly- 
solve H) blank set at 100. Lvaluate the results as before, using the re- 
spective K values for nitroso-3-, y-, and 6-tocopherols. Ii destred, Beck- 


man spectrophotometer density readings at 410 my can be used instead. 


EXPERIMENTAL 


The Skellvsolve H solution of the nitrosotocopherols as prepared in the 
assay method is ready for chromatographic adsorption after a_ single 
distilled water wash. This removes traces of alcohol which are contained 
In 


otnerwise. 


; 
i 


ie Skellysolve H layer and which would prevent complete adsorption 


lor developing tae chromatogram, venZene Was found suitable ol 


several solvents tried. The nitrosotocopherols then appear as separate 
bands on the column, being in order from top to bottom the derivatives 
ol 6-tocopherol (two rings), 3-tocopherol, and y-tocopherol. Their colors 
differ sufficiently to aid in their identification. Nitroso-y-tocopherol is 
rosy red, mi roso-3-t ocopherol is brownish red, While nitroso-6-tocopherol 
is orange-red. 

Benzene is also used to elute the two lower bands on the column. A 


mixture of ethanol-cther elutes the combined nitroso-5-tocopherol bands. 


| 
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Commercial c.P. benzene is suitable for use provided it contains no 
non-volatile impurities which absorb light at 410 my. Since many samples 
do, purification may be necessary. This can be done by redistilling, 
taking a middle poruion, and adding Water to approximately one-half satu- 
ration. 

Glass wool in the adsorption column showed a tendency to hold up the 
nitrosotocopherols during elution. Hence a column with an inset sintered 
glass plate was eonstructed and has proved convenient. A column- 
receiver assembly with interchangeable standard taper joints has been 
found useful, especially since contact of the oreanie solvents with rubber 
stoppers must be avoided owing to possible contamination. 


Re sults 


Synthetic mixtures of §-, y-, and 6-tocopherols in the presence of a- 
tocopherol have been assayed and separated chromatographically. Data 
are shown in Table TI]. [cach mixture contained 0.590 meg. each of the 
four natural tocopherols. ‘The separated nitrosotocopherols were eval- 
uated by Beckman spectrophotometer and by Evelyn photometer readings. 
Quantitative recovery of these fractions is shown. The higher recoveries 
of nitroso-8-tocopherol are not explained at present. They are not due 
to alteration olf nitroso-3-tocopherol on the column, since on chromatogra- 
phy of it alone recoveries of 94.5, 96.5, and LOO.O per cent were obtained. 

Synthetic mixtures of y- and 6-tocopherols have been nitrosated and 
separated. For these a shorter column of adsorbent (7 cm.) suffices, since 
the middle band (nitroso-3-toecopherol ) of the three component mixture 
is not present and less development of the chromatogram is required. 
Four solutions containing 0.500 mg. each of pure natural y- and 6-toco- 
pherols were resolved. Data are given in Table IV. Recoveries of the 
eight fractions ranged from 95 to 108 per cent with a mean of 100 per cent. 
Recoveries of the total tocophero!s in the mixtures varied from 101 to 108 
per cent with a mean of 103 per cent. 

A series of y- and 6-tocopherol mixtures of natural origin was assayed, 
which consisted of eleven fractions of an analytical molecular distillation 
of soy bean oil. Recoveries of the eluate fractions, as compared to the 
onginal unchromatographed material, were for the entire series within 
the range 97.7 to 105.5 per cent. Mean recovery was 101.0 + 2.4 per cent 
(standard deviation). The successive fractions showed a smooth progres- 


sion in relative concentrations of 6- and y-tocopherols such as would be 
expected from their relative molecular weights. Ihmination maxima of 
the two tocopherols were found to differ by about 4° 

Vegetable oils can be assayed by the method following preliminary 


concentration, preferably by laboratory molecular distillation (38). If 
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TaBLeE III 


CHEMICAL ASSAY OF TOCOPHEROLS 


Chromatographic Separation of Synthetic Mixtures of B-, y-, and &-Tocopherols 


after Nitrosation 


Experi- | Band position Controls Eluates Recovery 
ment | on Nitroso derivative of cE Detuate 
No.* | chromatogram Beckman, density at 410 my aR Xx 100 

| percent 

§-Tocopherol 0.253 0. 266 105 
Middle 8-Tocopherol 0.175 0.19] 109 
Bottom | y-Tocopherol 0.230 0.233 101 

Tota! 0.658 0.690 105 

Evelyn, Lease values Leluate 100 

Lcontrol 

2 Top 6-Tocopherol 0.469 0.469 100 
Middle 8-Tocopherol 0.319 0.357 112 
Bottom y-Tocopherol 0.438 0.441 101 
1.226 | 1.267 104 


*In both experiments a mixture of 0.500 mg. each of a-, 8-,y-, and 5-tocopherols 


7 


Control solu- 


was nitrosated and chromatographed according to procedures given 
tions were nitrosated separately and not chromatographed. 


TABLE IV 


Chromatographic Separation of Replicate Synthetic Mixtures of y- and 6-Tocopherols 


Mixture No.’ 
locophero| 


mixture 
mig. 
| 
1.0] 
3 U.YUS 
4 1.0] 


covery, 


* Each mixt’ re contained 0. 
trosated and chromatographed 
unchromatographed nitrosated 
tion. 


al 


origing 


after Nitrosation 


Results by “‘nitroso”’ assay 

Recovery of total 
tocopherols, per cent 
of orginal mixture 


Recovery of separate tocopherols 
in eluates, per cent of controls 


iy-) 104 104 
(6-) OF 
iy-) 10s 10S 
(6-) 101 
(y-) 9s 
(6-) YS 
| (y-) 101 
| (6-) 101 
| 100 103 


500 mg. each of y- and 6-tocopherols and was ni- 
according to the procedure given. Controls were 
solutions of y- or 6-tocopherol of equal concentra- 


| | 

| 

| 

| 
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the distillate contains an excess of fatty acids, they can be washed out of 
ether solution by dilute alkali. Yellow color in the distillate due to 
sgrotenoids is conveniently removed by hydrogenation (4). 

The technique described in this paper is useful as a qualitative test for 
tocopherols In Oolls. For example, wheat germ oil was found to give a 
vellow color on nitrosation (of a hydrogenated molecular distillate). The 
Reckman spectrum indicated it to be a nitrosotocopherol. On chromatog- 


TABLE V 


Content of Individual Tocopherols of Vegetable Oils and Commercial Vitamin E 
(Concentrates 


Sample Tocopherol content, mg. per gm. 


Kind of oil | Source Total | | 
Corn salad oil Mazola oil, purchased = 1.02 0.894 0.128 
locally | | 
Cottonseed salad oi! Wesson oil, purchdsed 0.870 0.377 0.493 
locally | 
Soy bean salad oil Purchased from Blan- 0.740 0.418 0.226 0.096 
ton Company, St. | | 
Louis 
Wheat germ oil* Merit wheat germ oil 2.68 1.07 1.6] 
Distilled concentrate Distillation Products, 366 Of 4 9.9 26.4 234t 
of d-a-tocophery! Type VI, pilot plant 
acetate sample | 
Distilled concentrate Distillation Products, 339 61.4 18.4 15.0 244 
of d-a-tocopherol Type V, pilot plant 
sample 


*The sample was bioassayed by Miss M. Ludwig of our laboratories and found 
tohave a potency equivalent to 2.09 mg. per gm. of d-a-tocopherol. Assuming that 
the 1.07 mg. of 8-tocopherol is equivalent in potency to 0.36 mg. of a-tocopherol (5), 
the total d-a-tocopherol equivalence estimated from the chemical analysis is (0.36 + 
1.61) 1.97 mg. per gm. 

t Assayed after preliminary saponification. 

{ This corresponds to 257 mg. of d-a-tocopheryl acetate. 


raphy, a single red band showed the presence of only. one non-a-tocopherol. 
Identity of this with 8-tocopherol was shown by augmentation of the one 
band when 3-tocopherol was added to a wheat germ oil assay mixture, 
which was then nitrosated and chromatographed. A similar experiment 
with corn oil showed only the presence of y-tocopherol. Cottonseed oil 
gave anomalous behavior. The nitrosotocopherol split into two rings on 
the column which recombined on continued development with benzene to 
give a homogeneous band Added 6-nitrosotocopherol did not augment 


| 
| 
| 
rols 
olu 
| 
| 
il- 
Te 
a- 
| 


616 CHEMICAL ASSAY OF TOCOPHEROLS 


either part of the spht band, showing absence of it in the cottonseed oj] 
in amounts detectable by the method. 

Quantitative data on tocopherols in a few vegetable oils are given jp 
Table V. The method is now in general use in the laboratories of Distillg. 
tion Products for the assay of commercial concentrates which are mixtures 
of a-, B-, y-, and 6-tocopherols. A few results are also shown in Table VY. 
Since tocopherol esters do not give nitroso derivatives in the assay proce. 


80 
= 70 
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af - TOCOPHEROL 
Ow Es 2- - TOCOPHEROL 
ac - TOCOPHEROL 
204 4-¢ ~ TOCOPHEROL 
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TIVE (MINUTES AFTER Feci, 


Fic. 4. Time curves for pure natural @-, 8-, y-, and 6-tocopherols in the Emmerie 
and Iingel reaction according to the technique of Quaife and Harris. Each curve 
represents the means of quadruplicate values which agreed very closely. Each Eve. 
lyn photometer tube contained 8.0 ml of ethanol solution of 48.0 ¥ of tocopherol plus 
10 ml. each of a.a’-dipyridy! and ferric chloride reagents. The ordinate values were 
calculated with the use of a factor determined, on repeated calibration, for the 15 
second reading with pure natural d-a-tocopherol. The abscissa values refer to the 
time after addition of the last drop of ferric chloride reagent. The tocopherols 


were samples of the pure natural d forms. 


dure, it is necessary first to saponify samples containing them (e.g., Distilla- 
tion Products concentrate, Type VI, for which values are given in Table V). 

In all cases a-tocopherol was determined by difference between total 
tocopherols and non-a-tocopherols. The former were measured by the 
Emmerie and Engel reaction (6), modified to take account of the very 
different behavior of 6-tocopherol from that of the a, 8, and Y forms. One 
such modification is given by Stern et al. (7). Another uses the Quaife 
and Harris technique (8) except that a 50 second reading is used in place of 
a 15 second one. Calculation, as before, is made with a K determined by 
calibration with pure natural a-tocopherol, with a 15 second reading. 
Time curves of the four natural tocopherols for the reaction are given in 
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Fig. 4. They show equal color development per unit weight (within 


limits of +3 per cent) at 59 seconds. 


SUMMARY 


The nitrosotocopherols of 8-, y-, and 6-tocopherols, formed by treatment 
of the tocopherols with nitrous acid, can be separated by a simple chromat- 
ographic step and evaluated photometrically. 

This is the basis of a method for the specific determination of B-, y-, and 
§-tocopherols in admixture and in the presence of a-tocopherol. The lat- 
ter is determined by difference from the Emmerie and Engel value for 
total tocopherols, modified to take account of the varying behavior of the 
tocopherols. ‘The methods are given in detail. 

Separation of synthetic mixtures of the tocopherols and assay of vege- 
table oils and commercial vitamin E concentrates are described. 

Use of the method as a qualitative test for tocopherols in natural ma- 


terials is suggested and illustrated. 
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THE ASSAY OF ANIMAL TISSUES FOR RESPIRATORY 
ENZYMES 


VII. OXALACETIC ACID OXIDATION AND THI COUPLED PHOS. 
PHORYLATIONS IN ISOTONIC HOMOGENATES* 


By VAN R. POTTER, G. A. LePAGE, ann H. L. KLUG 


From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, April 8, 1948) 


Previous reports from this laboratory have shown that oxidative phos- 
phorylation could be demonstrated in a variety of tissues with the use of 
water homogenates in reaction mixtures that include fluoride (1-3).  At- 
tempts to eliminate the fluoride were partially successful (3) but were 
handicapped by the use of water homogenates, as will be shown below. 

Water homogenates had been successfully employed in previous studies 
on cytochrome oxidase and the succinic oxidase system (4), on the malic 
system (5), and on the glycolytic system (6, 7) and indeed appeared to be 
better than isotonic homogenates in-most respects. 

However, Lehninger (8) showed that isotonic homogenates are superior 
to Water homogenates in the case of octanoate oxidation, and our experl- 
ments on this svstem (9, 10) as well as those of Cohen and associates (11, 
12) on other systems further emphasized the importance of the isotonic 
homogenate for oxidative systems involving adenosine triphosphate (ATP). 
Although we had suggested that the isotonic homogenates contained a 
large proportion of “whole” cells on the basis of “eytolysis quotients,” 
itisnow clear that the data which led to this conclusion can be explained 
in terms of the structural integrity of the mitochondria contained in the 
cells, rather than in terms of the integrity of the cells (13). Isotonie 
homogenates therefore may contain much higher proportions of disrupted 
cells than we had concluded earlier (9, 10). What is perhaps more Impore 
tant is the fact that the isotonic homogenates appear to contain cytoplasmic 
particles that are functionally greatly different from the particles found in 
water homogenates. Moreover, the enzymes in these particles appear 
relatively more accessible to many metabolites than they are in tissue 
slices (ef. Cohen and Havano (11)). 

In view of the importance of isotonic media in systems that are cor- 
related with ATP synthesis (S-13) it became necessiry to reexamine the 

*This work was aided by a grant from ths American Cancer Society on the ree- 
ommendation of the Committee on Growth of the National Researeh Couneil and 


by a grant from the Jonathan Bowman Fund for Cancer Research. 
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systems previously used for the study of oxidative phosphorylation (1-3) 
since these studies had been made with water homogenates. The present 
report deals with the phosphorylation and Oxvecn uptake that result 
When oxalacetic acid is used as a substrate, since it was found that this 
system, in contrast to the systems involved in glycolysis (7), succinate 
oxidation (9), and malate oxidation (5), is extremely sensitive to the ton- 
icity of the homogenization medium. 

The mechanism of oxidation of oxalacetic acid remains unknown ip 
spite of scores of publications that have considered various aspects of it. 
Presumably we are here dealing with one of the more sensitive Components 
of the Krebs cycle of oxidations (see (14)), since the system fails under 
conditions (4, 5) that permit the oxidation of suecinie and malic acids, 
Since the oxygen uptake observed ts several fold greater than the one-stage 
oxidation would require, it appears that in this system the onidation js 
earried approximately to completion; that is, to © OQ. and water via the 
Kkrebs evcle as will be shown later. Since in most causes the results cannot 
be duplicated by using pyruvate instead of oxalacetate, it seems likely that 
the oxidation of oxalacetate must be preceded by the Ikxrebs condensation, 
but it is as vet unknown whether this reaction involves the condensation of 
oxalacetic acid tvith a or a C3 compound. Following the conventional 
nomenclature, we shall refer to the enzymes involved as the “oxalacetic 
oxidase system’”’ since more than one enzyme seems likely to be involved. 
The enzyme system is quite likely to be the same one that Green has re- 
ferred to as “cyclophorase”’ (15). 

In this paper, the effect of variations in the homogenate will be reported, 
including variations in the preparation and handling of the homogenate 
as well as variations in the type of tissue used. The efiect of variations 
in the reaction mixture will be reported in a separate paper.! A prelimi- 
nary report on the failure of tumor tissue to oxidize oxalacetic acid under 
the conditions herein deseribed has been presented by Potter (16). 


EXPERIMENTAL 


Oxidation Sludies—Oxygen uptake was measured in a conventional 
Warburg apparatus at 38° after allowing 10 minutes for equilbration. 
The final volume of the reaction mixtures was 3.0 ml. in all cases and the 
molarity of the added reagents is given with the volume added per flask. 
When the stated molarity refers to the final reaction mixture, it Is 
designated. 

Phosphorylation Studies—When phosphate fractionations were carried 
out, the reaction was stopped by the addition of 2 ml. of 17.5 per cent 
cold trichloroacetic acid, as in the earlier work (1-3). The precipitated 


— 


1 Potter, V. R., Pardee, A. B., and Lyle, G. G., J. Biol. Chem., in press. 
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protein was removed by centrifuging and Q.1 ml. aliquots of the superna- 
tant fluid were used for the determination of “true” inorganic phosphate 
by the method of Lowry and Lopez’ (3), and for otal acid-soluble phosphate 
(17). The remainder of the supernatant fluid was fractionated in the 
cold as follows: A 3.5 ml. aliquot was carefully neutralized with about 1.5 
ml. of 1.ON INKOH to pH 8.2 with dilute phenolphthalein in the solution. In- 
organic phosphate and ATP were precipitated by adding 0.15 ml. of 1 m 
Ba(OAc),. After centrifuging, the supernatant was poured into a tube 
containing 0.37 ml. of 1 N HeSO,, the BaSO, was centrifuged, and the 
supernatant was analyzed for phosphocreatine by the liske-Subbarow 
method (1). The precipitate containing the inorganic phosphat® and “ATP 
was taken up in 2.0 ml. of water and 1.0 ml. of 0.1 N HoSO, to remove Ba. 
The supernatant was suved and the precipitate was treated a second time 
with 0.5 ml. of acidified water. ‘The washing was combined with the 
supernatant and treated with 0.1 ml. of concentrated NH,OH and 0.10 
ml. of magnesia mixture (17) to precipitate inorganic phosphate. ‘The 
precipitate Was separated by centrifuging and the supernatant (ATP 
fraction) Was poured into a tube containing 0.30 ml. of glacial acetic acid 
to give a pH of 4.5 to 4.8, any of the precipitated inorganic phosphate that 
may have been included being dissolved in the supernatant. Aliquots of 
0.3 ml. of the ATP fraction were then analyzed for inorganic phosphate and 
7 minute-hydrolyzable phosphate (17) in order to obtain the AZ phos- 
phorus, which was taken as a measure of ATP. The removal of the bulk 
of the inorganic phosphate by the magnesia mixture increases the accuracy 
of the A7 measurement. In addition, 0.3 ml. aliquots of the ATP fraction 
were analyzed for ribose (17), the amounts of which paralleled the amounts 
of AZ phosphorus. 

The corrected inorganic phosphate uptake was calculated by subtracting 
the changes in the sum of the 47 P, phosphocreatine P, and true inorganic 
phosphate trom the true inorganic phosphate. ‘This amounts to sultract- 
Ing the observed changes in the sum of the phosphocreatine and A7 P 
from the observed changes in the true inorganic phosphate (see ‘*Discus- 
slon’’). 

The phosphorylation experiments usually consisted of sixteen flasks 
Which contained LrOuUpsS of four reaction mixtures that were stopped aiter 
different periods of time. The sixteen filtrates were then analyzed simul- 
taneously, all the centrifuging and fractionation being carried out in the 
cold. 

2 [In the original Lowry-Lopez method, interference by some tissue extracts was 
noted. We have found that glatathione retards the rate of color development mark. 
ealy. Thus €O y of GSH reduced the color by about 60 per cent at 5 minutes, but the 
Value attained in 30 minutes was equal to thatin the control tube With the amounts 
of tissue used in the present experiments, no mterference by GSI occurs. 
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Homogenates—Two types of homogenates were used in the experiments 
described in this paper. Each type was prepared with 9 volumes of fluid 
per fresh weight of tissue. The “water homogenates’’ were prepared with 
distilled water and the “isotonic homogenates’? were prepared with iso- 
tonic KC] (1.15 per cent) to which had been added 8 ml. of 0.04 mM KHCO, 
per liter, to give a pH of 7.5 to 7.8. The tissues were placed in the eal- 
culated amounts of medium before the homogenization, which was carried 
out in the cold, with close fitting glass homogenizers of the Potter-Elve- 
hjem type (18). 

Substrates 
acids. Mixtures of oxalacetic acid and pyruvie acid in general gave re- 


The substrates employed were oxalacetic and pyruvic 


sults almost identical with oxalacetate alone, but superior to pyruvate 
alone. Since the decarboxylation of oxalacetic acid results in the disap- 
pearance of 1 acid equivalent, the neutralization of oxalacetic Was not 
carried to completion. Empirical tests indicated that an amount of alkah 
equal to the acid groups present after a 50 per cent conversion of oxalacetic 
to pyruvic acid was near the optimum. ‘The oxalacetic acid was therefore 
neutralized by adding 0.02 m IkXeCQ; to solid oxalacetie acid to give a final 
oxalacetic acid concentration of 0.0267 m. The acidic solution was then 
aerated to drive off the excess CO. Since oxalacetie acid is not stable, 
solutions were prepared only 10 to 15 minutes before being pipetted. 
Components of “Complete”? Systen—The reaction mixture that has been 
employed for the present series of experiments differed from the previous 
mixture (3) mainly in the fact that potassium salts were used throughout 
and fluoride was omitted. The following components were used in the 
complete system in the present study: water to make 3.0 ml. of final volume, 
0.4 ml. of 0.5 Mm IKCI, 0.1 ml. of 0.1 MgC 0.1 ml. of 0.1 phosphate 
(KHePO, + IXOH to pH 7.4), 0.1 ml. of 4 ecytochrome ec, 0.2 
ml. of 0.01 Mm Ix ATP, 0.1 ml. of K DPN* = 660 y of DPN, 0.5 ml. of iso- 
tonic KC] if water homogenates were used or an amount to make 0.5 ml. 
if less than 0.5 ml. of isotonic homogenate was used, 0.3 ml. of 0.0267 M 
oxalacetate (see above), and 0.1 to 0.5 ml. of cold 10 per cent homogenate. 
When creatine was added, as in the case of the phosphorylation studies, 
30 mg. of the hydrate were placed in the flask before the other additions, 
and the 0.5 Mm KCI] was decreased from 0.4 to 0.2 ml. Flasks without side 
arms were used, and were kept in ice until the homogenate had been added. 
It is possible to combine the KC], MgCls, phosphate, and cytochrome into 
a stock solution if most of the water addition is included. The ATP and 
DPN can also be combined into one solution. These two mixtures can 
he kept in the refrigerator for at least a week. The effect of a lack of DPN 


‘DPN = diphosphopyridine nucleotide, coenzyme I. 
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and cytochrome c is not striking, but they were originally added on the 
basis of the known need for these substances in the malice system (5), and the 
total operation of the Krebs cycle was considered likely in this system. 
Furthermore while some tissues might not require additional cytochrome 
cand DPN, others (such as tumors) might be expected to be deficient in 
these accessory compounds. In the work described below, various pro- 
cedures that were known to result in the loss of the effective concentration 
of cytochrome c in the cytoplasmic particles (13) were tested for their 
effects on the oxalacetic system, and, since the inclusion of DPN and cyto- 
chrome c in the reaction mixture has never given any evidence that they 
are detrimental, they were routinely included in these experiments. The 
effect of their omission and of other variations in the reaction mixture will 
be given in the next paper.! 

Observations with Various. Tissues—Experiments with various tissues 
were performed with 50 mg. of tissue per flask, added in the form of a 
10 per cent isotonic KCl homogenate, after preliminary experiments had 
indicated that this level of tissue was in the range of proportionality. The 
results are shown in Fig. 1. Each curve represents the average of four to 
six samples of tissue, each of which was run in duplicate or triplicate. 
The normal tissues were taken from white rats from the stock colony; no 
normal tissues from tumor-bearing animals have been studied. The 
hepatoma samples were primary tumors obtained through the courtesy of 
Dr. J. A. Miller and Dr. FE. C. Miller; the Walker 256 and the Flexner- 
Jobling carcinoma were transplantable tumors provided by Mr. B. E. 
Kline. All tumors were non-necrotic and in good condition. 

The data in Fig. 1 show that there 1s considerable variation among the 
tissues, not only in terms of the initial rate of oxidation but also in terms of 
the way in which the rate changes with time. In all tissues there is a 
decline in the rate of uptake which does not appear to be the result of 
substrate depletion, but is probably caused by a decrease in the amount of 
active enzyme-substrate complex. This decline is slowest in liver but 
occurs in all of the tissues studied. In the case of the tumor samples, 
the rate of uptake was negligible, and was no greater than could be ob- 
tained in the absence of added oxalacetate (not shown in Fig. 1). The 
no substrate rate of oxidation was very low in all of the normal tissues 
except liver, in which the mitial rate of oxidation was appreciable during the 
first 30 or 40 minutes (40 to 50 microliters of O» per 50 mg. of liver) but 
declined rapidly thereafter. It seems possible that this endogenous 
respiration in liver may be related to the fact that the enzyme activity in 
liver does not decline as rapidly 2s in the other tissues either during the 
reaction (ig. 1) or in the homogenate. ‘he declining rates in the normal 
tissues suggested that the observations in the case of the tumor samples 
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might be due to the lability of the enzyme system, and numerous studies 
have been carried out to ascertain the factors involved in the breakdown of 
the enzymes involved in the reaction. 

Brealdown in Hlomog nates and in Silu-—TVhe standard pro- 
cedure in the preparation of homogenates has been to kill the animal by 
decapitation, and to remove the tissue quickly, placing it in cold isotonic 
KK } surrounded by ice. The homogenate was then prepared in the cold 
and kept in ice until it was used, which was normally within about 10 min- 
The liv. 2 shows the effect of storing the homogenates at O° for various 
periods of time. ‘The experiment was carried out with five different tissues 
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flask. ‘‘Complete” reaction mixture deseribed in the text with 


from three to six animals for each kind of tissue. I¢ach homogenate was 
ti | in duplicate or triplicate after 0, 6, and 24 hours at 0°. The results 

he averages of all the determinations. The tissues all showed very 
little decline in activity during the first 6 hours, but kidney, brain, and 


cle showed considerable decline after standing overnight at 


0°. The activity in heart and liver homogenates was maintained for 24 


hou There was slight Variation among the various samples except in 
tha Iney homogenates stored 24 hours, in which the per cent loss varied 


considerably. The storage at 0° is comparable to a limited dialysis; 
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diffusible substances may escape from the nuclei and mitochondria and 
attain a 10-fold dilution, since a 10 per cent homogenate isemployed. The 
loss in activity may be comparable to that obtained by Gibson and Long 
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(19) in the case of pyruvie oxidase in minced heart muscle upon dialysis. 
They found that magnesium ions prevented the imactivation. 

On the other hand, the inactivation occurs in the intact tissue in situ 
in Which magnesium is probably adequate (Fig. 3). For these experi- 
ments the animals were decapitated and placed in a warm room at 38°. 
In the case of skeletal muscle, brain, and kidney one sample could be taken 
from the right side and a second sample taken from the left side after a 
period at 38°. The second half of the brain was placed inside the ab- 
dominal cavity to avoid drying. Single samples of heart were taken, 


in situ ot 38°C. 


Homogenates Ischemic Tissues 
stored at O° C. 
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Kia. 2. Oxvgen uptake by isotonic KC] homogenates of various tissues following 
storage at O° for 6 to 24 hours. Conditions asin Fig. 1. I:xperiments with tumors 
not done because of low values at zero time. 

Fia. 3. Oxygen uptake by isotonic KCI homogenates of various tissues taken from 
decapitated rats after various periods at 38°. Conditions asin Fig. 1. Experiments 
with tumors not done because of low values at zero time. 


while several samples of liver could be obtained. In the case of pairs of 
samples, the first was not always taken at zero time. Each point on the 
curves represents four to six determinations in duplicate. The results 
show that during the first 30 minutes there is essentially no loss in enzyme 
activity, but that following this period the loss is quite variable among the 
different tissues. The rapid loss in activity in the muscle and kidney is 
of considerable physiological interest, since it correlates to some extent 
with the ability of these tissues to return to normal following ischemia 
(20, 21). 

The results of both studies indicate that if tissues are removed within 30 
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minutes and homogenized in the cold they may be used for the study of 
oxalacetate oxidation, or, if removed at once and homogenized, the homo- 
genate may be stored at 0° up to 6 hours.‘ In these studies it was found 
that frequently the activity of an aged preparation was normal initially 
but that the decline in rate was more pronounced than in the fresh prepara- 
tion. Neither experiment was done with tumors because the activity in 
fresh preparations was too low to measure. 

Enzyme Breakdown in:Water Homogenates and at 38°—-It was stated 
earlier that water homogenates of liver would not oxidize oxalacetie acid 
(2, 3). Fig. 4 shows the results of studies in which aliquots of various 
tissues were homogenized in water and in tsotonic IWC] and aliquots of 
each homogenate were incubated for 15 minutes at 38°. As was shown 
in Fig. 2, an aliquot of the homogenate could be held at O° for more than 
15 minutes without loss in activity while another aliquot was being in- 
cubated at 38°. The results of these experiments Gould not be given in 
terms of the oxygen uptake per 20 minutes, and were plotted as total 
oxygen uptake versus time. The reason for this is apparent in the case of 
the water homogenates of kidney (Fig. 4). In these samples, the initial 
rate of oxidation was near normal, but after about 20 minutes the rate sud- 
denly fell to a very low level in comparison to the rate in the XC] homo- 
genate. In the case of the liver, homogenization in water gave almost 
complete inactivation of the enzyme system even in the case of the initial 
rate, while in brain homogenization in water gave an effect that was inter- 
mediate between what was found in kidney and in liver. 

The effect of incubating these homogenates at 38° is also shown in Fig. 
4. In 15 minutes, the destruction of activity was essentially complete in 
both types of kidney homogenate and in the KCl homogenate of brain. 
In liver, on the other hand, the activity was completely unaffected in the 
ease of the KCI homogenate, incubated at 38°, while the water homogenate 
was already inactive. The greater stability of the liver IXCl homogenate 
at 38° parallels its stability at O° and may be related to its higher endoge- 
nous respiration. 

None of these procedures affects the ability of homogenates to oxidize 
succinate or malate (1, 5) but profoundly affects the ability to promote 
oxidative phosphorylation (1). The following experiments indicate that 
the ability of a homogenate to oxidize oxalacetic acid is a reflection of its 
ATP balance, and that the simple measurement of rate and duration of 
oxidation (Figs. 1 to 4), unlike the measurements of succinate or malate 


‘Parallel experiments on these tissues showed that freezing the tissues or the 
homogenates resulted in the loss of the ability to oxidize oxalacetate. These con- 
siderations are of some importance if large numbers of tissue samples are to be stud- 


ied. 
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oxidation, provides a measure of the capacity of the homogenate to main- 
tain the ATP reservoir by oxidative phosphorylation. 

Phosphate balance Studies—In the absence of fluoride, the breakdown 
of ATP is much more rapid than in its presence, but even in the absence 
of fluoride a temporary maintenance of ATP in terms of a constant level of 
inorganic phosphate was observed in rat kidney (3). Further experiments 
were devised to show the complex nature of the factors affecting the level 
of true inorganic phosphate in the reaction mixtures described above. 
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bia. 4. Oxygen uptake by tsotonie KC] homogenates of kidney, brain, and liver 
compared with water homovenates, showing the efieet of 15 minutes incubation at 
38° prior to addition to reaction mixture. Test conditions as in Fig. 1. The solid 
lines represent fresh homogenates; the broken lines represent incubated homogenates. 


@. KC] homogenates; *. water homogenates 


The data obtained with isotonic homogenates in complete systems may 
first be considered. 

Determinations of phosphocreatine (hig. 5, 2) and true inorganic phos- 
phate (Fig. 6, 1) showed a lack of parallelism between these two quantities, 
in contrast to whit might have been expected ithe AVP svstem (adenosine 
triphosphate. adenosine diphosphate (ADP ). and adenosine monophos- 
phate (AMP) Wits maintained in it steady state, according to the iollowing 


reactions 
(1) VIP + ereatine = ADP -4 phosphocreatine 
(2 ADP + inorganie P + coupled oxidation — ATP 


Since the measurements showed more phosphocreatine formation than 
Inorganic phosphate disappearance, it was concluded that the following 
over-all reaction Was probably taking place. 
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ATP — AMP + 2 inorganic P 


If reactions (1), (2), and (3) represented the elements of the phosphate 
balance, the measurement of the A7 phosphorus of the ATP fraction, 
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ric. 5. Phosphate balance studies on homogenates of rat kidney. 
The solid lines represent KC] homogenates: 
The points represent matched ex- 


Conditions as 
in Fig. 1 except creatine was present. 
the broken lines represent water homozenates. 
periments. Variation among experiments is due in part to animals and in part to 
the level of ATP used; see Fig. 6, B.A, 


periments on water homogenates in which phosphate studies were not carried out 


rate of OXI lation: includes a4 number of CX- 
Bb, creatine phosphate formation; the experiments with water homozenates were 
done with different levels of ATP and were compared with isotonic homogenates of 
data caleulated as 
D, ATP-A7 


the paired kidney. C, corrected inorganie phosphate uptake; 
deseribed in the text, referred to the 2 minute point on the time axis. 
phosphorus. 

together with the true inorganic phosphate and the phosp'ocreatine, 
should reveal the change in the dynamic equilibrium of the phosphoryla- 
tion system: Any increase in phosphocreatine not paralleled by a decrease 
in inorganic phosphate sould be accompanied by an appropriate decrease 
in the A7 phosphorus of the ATP fraction. The test of this proposition is 


the addition of the three fractions. 
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(4) Phosphocreatine P + A7 P + inorganic P = =P 


According to the equations (1) to (3), =P, which is defined by equation (4), 
should remain constant. When the actual measurements were carried 
out, it was found that =P increased for a few minutes, then tended to re- 
main constant, and then increased again (Tig. 6, C). 
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Fic. 6. Phosphate balance studies on homogenates of rat kidney; continuation of 
data in Fig. 5. A, true inorganic phosphate; B, total acid-soluble phosphate. The 
figures 124, IS5, and 248 refer to the theoretical micrograms of ATP phosphorus added 
wh The point symbols correspond to the simular symbols of big. G. Sum 
of the values for the inorganic phosphorus, phosphocreatine, and ATP A7 phosphorus. 


For discussion of Phases I, Il, and II] see the text. 


Since an increase in SP is not explainable solely in terms of equations 
(1) to (3), other possibilit ies must be considered. ‘The obvious possibility 
that nucleoproteins and phospholipides in the homogenate were lberating 
inorganic phosphate can be eliminated on the basis of the data in Fig. 6, 
B. The different levels shown represent experiments in which different 
amounts of ATP were added, but it is clear that in each case the total acid- 
soluble phosphate did not change significantly during the experimental 
period. Consequently the increases in XP shown in Fig. 6, C must have 


come from changes within the acid-soluble fraction. 
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In addition to reaction (3) inorganic phosphate can be formed from the 
breakdown of AMP® to adenosine hy reaction (0): 


(5) AMP adenosine + inorganic phosphate 


following the occurrence of reaction (3). With this in mind, the data ip 
Figs. 5and 6 become much more understandable, and the course of the re- 
action can be divided into three phases, which have been indicated in Fig 
6,6 but which ean be seen in several of the other measurements in Figs. 5 
and 6 as well. 

During Phase 1, reactions (3) and (5) predominate d: ATP broke down to 
inorganic phosphate (reaction (3)) with little or no transfer to creatine 
reaction (1)), while the sudden formation of ASL? provided an additional 
source of inorganic phosphate. During this period oxygen upt: os Was not 
being measured, but it appears to have been submaximal, since the first 10 
minute period of oxygen uptake meastirement usually gave a lower rate 
than the second 10 minute period. Furthermore, this sama which Was 
only a few minutes long, Was one of transitional te aia rature and probable 
Ins ite ition prior to the bes of shaking 

With the establishment of oxvgenation and the temperature of 38°, the 
fall in AZ phosphorus ceased and Phase IT began. Oxygen uptake ac- 
companied bv the disappearance of Mnorganic phosphate eccurred and 
the A7 phosphate level began to rise and level off at a steady state which 
Was accompanied by the formation of phosphocreatine. The fact that the 
<P tended to remain constant during this period, while the A7 could not 
regain the original levels, suggests that AMV once dephosphorylated is no 
longer available for rephosphorylation to ATP.® Studies with AMP 
substituted for ATP suggested that it does not remain as such in this reac- 
tion mixture. In this case the A7 phosphorus was zero at zero time and 
rose to levels that were less than were attained with equimolar levels of 
ATP, while the =P increased simultaneously. In these experiments, the 
oxygen uptake, phosphocreatine formation, and corrected inorganic phos- 
phate uptake had about the same v: emits as in parallel experiments with 
ATP. There appears to be a continuous drain on the ATP system in the 
form of reaction (5) which is rapidly accelerated when reaction (2) is slowed 
down and which is minimized by the operation of reaction (2) while oxida- 
tion is active. It is likely that the deeav of the ATP svstem is paralleled 
by a deterioration of the enzyme system involved in oxidative phosphoryla- 

‘Kornberg and Lindberg (22) have found in kidnev a new DPNase that Is not In- 
hibited by nicotinamide (cf. (3) p. 33 Their enzyme splits AMP from DPN, and 
ine ienge would then be available for reactions (3) and (2) above 

‘he possibility that this may be due to the deamination of adenosine to form 


inosine is currently being investigated 
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tion; so that the two processes, while not synonymous, are closely related. 

Phase II] of the reaction was seen when the rate of oxygen uptake began 
to fall and the A7 phosphate level began to decrease. At this time the A7 
phosphate level fell much more rapidly than the phosphocreatine level, 
showing that, just as in Phase I, reaction (1) is much slower than reaction 
(3). Thus in numerous experiments, the A7 phosphorus level could be 
near zero While the phosphocreatine level was quite high. It is clear of 
eourse that the operation of reaction (5) following reaction (3) can prevent 
the reversal of reaction (1). These data show that the direct dephos- 
phorylation of phosphocreatine (see (23)), if it occurred in these reaction 
mixtures, Was slow enough to permit the oecurrence of fairly high levels of 
phosphocreatine even when the A7 P was being rapidly dissipated. With 
the loss of the A7 P and the marked decrease in oxidation rate, the =P 
increased toward the level of the total acid-soluble phosphorus, and the 
true inorganic phosphate level increased. ‘The breakdown of DPN to 
fragments that included inorganic phosphate may have occurred to some 
extent in this period;® evidence bearing on this may be seen in the experi- 
ments with water homogenates. 

In the case of water homogenates of kidney, it will be recalled that 
oxalacetate oxidation over short periods (Fig. 4; ef. (2, 3)) was possible, 
but that the reaction soon failed, whereas in the isotonic homogenates it 
continued for a longer period. The data in Figs. 5 and 6 provided some 
insight into the reasons for the oxidative failure. Although the initial 
rate of oxvgen uptake was about as good in the water homogenates as in the 
isotonic homogenates, the ATP was rapidly depleted and was never re- 
built. Some phosphocreatine was formed but it was « vidently at the ex- 
pense of the A7 P, because the corrected inorganic phosphate uptake did 
hot parallel it as in the case of the isotonic homogenates; in fact, the latter 
data provide the key to the ditference between the two types of homoge- 
nate. Ievidently the water treatment does not destroy the oxidative 
mechanisms as such but prevents their effective utilization for the main- 
tenance of the ATP system, while the failure to maintain the ATP sys- 
tem is correlated with the decay of the oxidative system. 


DISCUSSION 


While turther discussion of the experimental details is probably not 
Warranted, it is important to note that the use of the isotonie homogenate 
is highly important in the development of enzyme systems that are capable 
of utilizing oxidative energy for endergonic syntheses. It would be naive 
to assume, however, that isotonic NC] represents the ideal homogenization 
medium, and the importance of further work such as the study of hyper- 
tonic sucrose media (13, 24) should be stressed. 
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The observation (Tig. 1) that isotonic tumor homogenates are unable to 
oxidize oxalacetate under the conditions described above does not prove 
that the original tumors are devoid of one or more of the enzymes required 
for this oxidation, although it seems likely that the tumors must contaip 
very low amounts of the enzyme system. The data could also be obtained 
if the phosphorylating mechanisms that maintain the oxidative system 
(and are maintained by it) are inadequate to keep pace with the decay of 
the oxidative system: the isotonic tumor homogenates that have been 
studied could have little or none of the oxidative system or they could have 
a preponderance of the breakdown mechanisms such that no activity 
could be demonstrated under the conditions employed. In either case, 
the fact remains that a marked difference between a number of normal 
tissues and tumors has been demonstrated. One of the differences between 
tumors and normal tissues is the much higher content 7m vivo of lactic acid 
in the tumors (25). With this in mind, the experiment shown in Fig. 3 
is important because it shows that normal tissues can be left tn sztu for 
periods long enough to build up a lactic acid content greater than is found 
in tumors (26) without a decrease in the activity of the oxidizing system. 

The inactivity of the tumor homogenates cannot be attributed solely 
to high dephosphorylative mechanisms because homogenates of the same 
tumors have been shown in this laboratory to maintain their glycolytic 
activity over long periods of time (27) and to maintain the ATP system 
by means of the energy of glycolysis (28). The ability of aerobically 
glycolyzing homogenates (with a maintained ATP system) to metabolize 
oxalacetic acid is being studied in terms of the hypothesis that in tumors 
the end-products of glycolysis may be converted to building blocks for 
growth instead of being burned to COs and water (16). 

The establishing of the conditions for handling tissues and homogenates 
in order to obtain oxalacetate oxidation Was a preliminary to further studies 
designed to establish the experimental basis for the components of the 
reaction mixture.! It is at present impossible to maintain the ATP system 
in normal tissues for more than limited periods by means of oxidative 
mechanisms, and the reasons for the decay are still not fully understood. 
One of the dilemmas that confronts us is the fact that the combustion of the 
salts of the acids of the Krebs cycle leads to a gradual alkalization of the 
medium and consequently to an acceleration of ATP breakdown (29). 
One solution of this problem would be the use of glucose to form lactic 
acid but this reaction has not been obtained in rat liver and kidney; ef. 
also (3). 

Another difficulty is our inability to check the breakdown of key com- 


7LePage, G. A., unpublished work. 
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ponents of the oxidative phosphorylation system by the action of pros- 
thetic group-removing enzymes, dephosphorylases, deaminases, nucleo- 
tidases, etc. Possibly the use of washed residues (8, 12, 15) tends to remove 
some of these enzymes While retaining the oxidative phosphorylation system 
in the particulate material, but experiments by Schneider in this laboratory 
have shown that in the case of liver, at least, the whole homogenate has 
greater activity than anv combination of its sedimentable components. 

It is apparent from the data in Figs. 5 and 6 that the study of inorganic 
phosphate uptake in homogenates cannot be undertaken on the basis of 
the measurement of inorganic phosphate alone, owing to the large numler 
of reactions that involve the formation and removal of this compound. 
It isalso clear that the occurrence of phases of accelerating and cecelerat- 
ing phosphate uptake must be taken into consideration if exact data on 
efficiency of phosphorylation mechanisms are to be obtained. 


SUMMARY 


1. The ability of whole homogenates of rat kidney, heart, liver, skeletal 
muscle, and brain to oxidize oxalacetate in the presence of magnesium ions, 
adenosine triphosphate (ATP); inorganic phosphate, diphosphopyricine 
nucleotide, and cytochrome ¢ was determined. 

2. Samples of primary hepatoma and Walker 256 and Ilexner-Jobling 
rat tumors took up negligible amounts of oxygen in comparison to the 
normal tissues studied under the same conditions. 

3. Isotonic NC] homogenates were found to give much better results 
than water homogenates on the basis of comparisons made with kidney, 
liver, and brain, 

4. Activity was measured in KCl] homogenates stored for 6 and 24 hours 
at O° and in IWC] and in water homogenates incubated 15 minutes at 38°, as 
well as in homogenates from tissues remaining at 38° in stlu in Cecapi- 
tated animals for 1 to 4 hours. ITach tissue gave different results, but 
there Was no loss in activity in any of the tissues in homogenates stored 
at O° up to 6 hours or in ischemic tissues 7n sia up to 30 minutes. 15 
minutes at 38° inactivated the enzyme in kidney and in brain but not in 
liver homogenates. 

d. Studies of phosphate balance were made on KCl] and on water homo- 
genates of rat kidney. A\Leasurements of true inorganic phosphate did not 
yield figures for phosphate uptake that could be compared with phospho- 
creatine formation, but, when corrected for changes in AZ phosphorus of 
ATP and for inorganic phosphate not coming from the A7 fraction, the 
figures for inorganic phosphate uptake were parallel to the figures for phos- 
phocreatine formation. Homogenization in water results in an increase 
In dephosphorylation reactions relative to phosphorylation reactions; so 
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t any systems that are dependent upon the maintenance of the ATP 


system are weakened or lost. 


The authors wish to acknowledge the technical assistance of Mr. John 
Kallenbach in connection with some of the manometric measurements. 
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PARTIAL ACID HYDROLYSATES OF PROTEINS 


yI. ASSAY OF LIQUID PROTEIN HYDROLYSATES IN PROTEIN-DEPLETIED 
RATS* 


By DOUGLAS V. FROST ann HARRY R. SANDY 


(From the Abbott Laboratories, North Chicago) 
Received for publication, April 21, 1948) 


Experiments to determine the comparative nutritive value of partial 
acid hydrolysates of various proteins have been carried out for several 
years in thislaboratory. Most of this work has involved studies of nitrogen 
balance in dogs wherein the hydrolysates were administered intravenously. 
Short term experiments, 7.e. 4 to 5 days, were used to determine minimum 
nitrogen levels at which the N balance could be maintained (1,2). In these 
experiments 2, 4, and 6 hour hydrolysates of casein and fibrin (3) all ap- 
peared to be well utilized and capable of maintaining the balance at levels 
of 120 to 150 mg. of N per kilo per day. The casein hydrolysates did not 
support the balance at this low level unless fortified with sulfur amino 
acids. In subsequent longer term experiments (4) fibrin hydrolysates 
proved adequate to support dogs in nitrogen balance at a level of 120 mg. 
of N per kilo per day for 15 weeks, whereas dogs on somewhat higher levels 
of casein hydrolysate failed completely in a few weeks. On the basis of 
these and other experiments it was concluded that short term nitrogen 
balance studies in normal adult dogs may be misleading and that long term 
experiments at low levels of nitrogen are more significant. 

Another method of approach tested the ability of hydrolysates to bring 
about rapid recovery of severely depleted dogs when given in massive 
dosage (5). In these studies partial acid hydrolysates of fibrin were again 
better utilized than those of casein. Peeause the casein and fibrin hy- 
drolysates did not appear to differ markedly in essential amino acid value 
(5), it was deduced that the better utilization of fibrin hydrolysate might 
be due to better utilization of the bound (peptide) amino acids of fibrin 
hydrolysate. Christensen, Lynch, Decker, and Powers (6) have reported 
a somewhat lower excretion of bound amino acids in humans following 
infusion of partial acid hydrolysates of fibrin than after infusion of an 
enzymatic digest of casein. ‘These findings point to the need for intra- 
venous studies in the final assessment of intravenous hydrolysates which 
contain a significant proportion of their total amino acids in bound form. 

* Presented in part before the Division of Medicinal Chemistry of the American 
Chemical Society, New York, September 17, 1947 
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Although there is an obvious advantage in the intravenous method, 
certain practical difficulties arise in the use of dogs as assay animals 
Dogs available for use in most laboratories vary as to age, breed, and nutrj- 
tional history and do not compare in degree of standardization as test 
agents with the rat. Also there are large quantitative differences between 
requirements for growth and maintenance. Hegsted, Hay, and Stare (7) 
have estimated that no more than 1.6 mg. of tryptophan and 15 mg. of 
isoleucine per kilo of body weight per day are required for nitrogen balance 
in the adult dog, whereas the similar requirements for maximum growth ip 
rats were estimated to be 94 mg. and SSO mg. respectively. Furthermore 
the amino acid requirements of the rat are better known than are those of 
the dog. Wewere thus influenced to seek a rapid and fairly precise method 
for screening and control purposes with rats. A method which would 
clearly reveal the amino acid adequacy of essential amino acids in liquid 
protein hydrolysates, and would not necessitate drying the hydrolysates, 
appeared most desirable. 

The method described herein is based on the rat repletion method of 
Wissler, Steffee, Woolridge, Penditt, and Cannon (8) and [razier, Wissler, 
Steifee, Woolridge, and Cannon (9). These authors have established that 
lack of any one of nine amino acids essential for the adult rat results in 
prompt deficiency symptoms, which are as promptly corrected by return 
of the missing amino acid to the diet. Their results are qualitatively 
similar to those reported extensively by Rose (10). The repletion method 
is more rapid than the rat growth method and 1s particularly adapted to 
the problem in hand because of the ability of adult rats to consume large 
volumes of liquid nutrients, as previously described (8, 11). Several 
applications of the method are described. 


EXPERIMENTAL 


All rats used were from our own colony, which has been inbred for many 
vears. Vigorous, rapidly growing, young adult male rats were raised on 
breeder stock diet until they weighed 160 to 220 gm. They were then 
placed on Diet NP4 for 12 cays, during which they uniformly lost about 
one-fourth of their initial body weight. Shorter Cepletion periods did 
not give as satisfactory results as the 12 cay cepletion. The highly 
purified protein-free diet, Diet NI?4, which contains only 0.02 to 0.05 per 
cent nitrogen, is made up as follows: sucrose 83, Salt Mixture 1 (U.S. P.) 
4, agar 1.4, Primex 4.2, corn oil 4.2, cod liver oil 1.4, choline chloride 0.19, 


4 


and inositol 0.14 gm.; thiamine hydrochloride 0.6, riboflavin 1.2, pyridoxine 
hydrochloride 0.6, calcium pantothenate 5.0, nicotinie acid 3.7, mixed 
tocopherols 2.5, and ascorbic acid 14 mg. per 100 gm. of diet. 

The rats were supplied the 5 per cent hydrolysates in 60 cc. test-tubes 
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attached to the cages. Aluminum drinking fountains with rather broad 
planed rims were used. No loss of the solutions occurred from siphoning 
with this type of drinking tip. Unless otherwise indicated, no water was 
given. The non-protein diet was fed ad liiitum. Final weighings were 
made 24 hours after the last hydrolysate feeding. In order to orient the 
rats equally the following procedure was adopted. After a 12 day depletion 
all rats are offered 40 to 50 ce. daily of a standard 5 per cent hydrolysate for 
3days. During this period the rats learn to drink at nearly the maximum 
rate. They are returned to the non-protein diet with water for 3 more days, 
during Which they again lose weight. Rats thus prepared usually consume 
the entire allotment of hydrolysate subsequently offered to them, and con- 
tinue to do so provided no amino acid deficiency is present. Groups of 
fifteen to thirty rats were prepared at atime. Groups for individual assays 
numbered four to seven rats. Because of the small size of the groups 
conclusions are based only on experiments which have been repeated two 
or three times with the same general results. In experiments in which 
the intake was limited to 0.12 to 0.32 gm. of N per rat per day, a single 
measured volume of solution was fed daily. In all instances in which 
there was good balance of the essential amino acids this volume was taken 
before bacterial growth became visible. During feeding ad libitum the 
drinking tubes were filled twice daily. An advantage of the method is 
the ease and accuracy of measuring the liquid and nitrogen intake each 
day. 

The essential amino acids were determined in most of the hydrolysates 
studied. ‘Tryptophan was determined colorimetrically directly on the 
unchanged hydrolysates by the method of Graham, Smith, Hier, and 
Klein (12). ‘This modification of the method, which depends on the color 
formed by the reaction of tryptophan with p-dimethylaminobenzaldehyde, 
gives somewhat lower values for tryptophan in fibrin hydrolysates than 
does that of Horn and Jones (13), previously used in our laboratory. 
Cystine was determined by the method of Folin and Marenzi (14) and 
methionine as described by White and Koch (15). The remaining essential 
amino acids were determined microbiologically by the method of Stokes, 
Gunness, Dwyer, and Caswell (16). Free amino acid nitrogen determina- 
tions were made by the minhydrin method of Van Slyke, Dillon, 
Mackadyen, and Hamilton (17). 

Assay of Dried Proteins—FYor purposes of comparison a number of dried 
powdered proteins were fed in small cups attached to the cage wall by 
metal clips. Water was offered ad libitum. All proteins were fed at a 
level to supply 0.24 gm. of N per rat per day. The fibrin, casein, and wheat 
gluten supplements were completely, or nearly completely, consumed by 
all of the rats in these groups. The beef muscle, which had been extracted 
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with benzene, and the defatted whole egg were refused by some of the rats 
in these groups. The results are shown in Table I. 

vepeated Use of Rais—The adaptability and economy of the method 
could be extended if rats could be used for repeated experiments. This 
procedure was tried through three regular runs of similar fibrin hydroly. 
sates, starting with rats of original weights of 160 to 210 gm. In the second 
and third assays, we dispensed with the drinking trial because the rats 
were already trained to drink at the maximum rate. Results of the first 
two assays Were quite similar. 

Because the general condition of the rats appeared to deteriorate some. 
what through three consecutive assays, further experiments were tried jin 


TABLE I 
Assay of Dry Protein Supplements Fed Separate from Non-Protein Diet at Level of 
0.24 Gm. of N per Day 


Average intake 


Weight gain 


Protein® content No. of rats of allotted N 
Range Average 
her cent Per cent gin. gm. 
Fibrin. 3 { 100) 58-60 58 
Casein. 13.22 9759 44.3 
Wheat gluten. 12.65 - GS 11-26 18.8 
Beef muscle (defatted) 15.65 100 39-53 45.5 
Whole egg (defatted 12.16 3 


91 | 92-57 o4.7 


* The casein, ‘iefatted beef muscle, defatted whole egg, and wheat gluten were 

kindly supplied by the Bureau of Biological Research of Rutgers University as par 
| 

of a collaborative study. Two of six rats started on beef muscle and three of six 


rats on whole egg failed to take the supplements and are not included in the averages. 


which the rats were returned to the stoek breeder diet for 4 days prior to 
the third depletion. When this was dene, the condition of the rats for 
the third assay was greatly improved, and responses very close to those of 
the prior assays were obtained. The variation in average weight gain in 
repeated assay of the same preparation in the same rats was less than 10 
per cent. When minimum responses have been obtained on any assay, a 
transfer to the stock diet for 4 to 5 days has served well to prepare rats for 
further work. 

In general the results reported herein involved only one use of the 
animals; however, the results at hand suggest that repeated use of the 
animals is feasible with proper conditioning between experiments. 

Nitrogen Feeding Levels—Volumetric feeding of the liquid hydrolysates 
provided a good opportunity to study the response to different nitrogen 
levels. The observation was mace that liquid feeding ad libitum could be 


used advantageously to reveal gross differences in amino acid adequacy of 
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hydrolysates, but that minor differences were sharpened by controlled 
jsonitrogenous feeding. On ad libitum feeding, rats consumed as much as 
80 ec. per day of certain hydrolysate solutions, equal to 0.5 gom.ofN. The 
general intake, however, of well balanced hydrolysates was 55 to 60 ec. per 
day, equal to about 0.35 to 0.4 gm. of N. Ratios of nitrogen efficiency 
calculated from ad liinium feeding of different hydrolysates showed close 
correlation with weight gain. The present study was undertaken to 
determine the levels at which the nitrogen efficiency would be highest for a 
representative fibrin hydrolysate.’ This level was then chosen for general 
assaV purposes. 

For the study herein reported we used a 5 per cent partial acid hydroly- 
sate of fibrin with 5 per cent dextrose which contained about one-third of 
its amino acids in peptide form. The hvdrolvsate solids contained the 
following percentages of amino acids, calculated to 16 per cent N: iso- 
leucine 5.1, leucine 7.5, valine 4.2, lysine 8.8, histidine 3.4, arginine 7.5, 
tryptophan 1.0, methionine 3.4, cystine 2.5, threonine 6.6, phenylalanine 
3.4, tyrosine 1.5, glutamic acid 13.9. Four groups of rats were oriented 
to liquid teeding in the usual way and were fed the liquid hydrolysate at 
levels of 0.12, 0.18, 0.24, and 0.3 gm. of N per rat per day. The amounts 
of liquid hydrolysate fed daily to the rats in each group were 17.2, 29.8, 
34.4, and 43 cc., respectively. All rats were allowed water and the non- 
protein diet ad libitum. Very little water was taken, whereas the hydroly- 


sate allotments were consumed by all rats throughout. The rats on the 
lowest level generally drank their daily allotment within an hour after it 
was offered. 

The results are shown in Fig. 1. The nitrogen efficiency ratios on the 
four groups were 12.1, 12.5, 10, and 9.3, respectively. 

Time of Assay—Although a 12 day recovery period appears advantageous 
for most assays, extension of the time to 15 to IS davs may be needed to 
develop significant differences between materials of rather close nutritive 
value. For instance, partial acid hydrolysates made from fibrin which 
contained a considerable amount of plasina protein appeared to contain a 
limiting level of isoleucine, ¢.e. about 3.0 per cent on a dry basis. In order 
to determine the effeet of added isoleucine. CWO equal YrOUpSs of four rats 
each were formed. After a 12 day depletion the separate groups were fed 
ad libitum the 5 per cent hvdrolvsate and the hvdrolvsate to which was 
added 0.2 per cent of a leucine-isoleucine concentrate. This addition was 
equal to about | per cent of each amino acid on a dry basis. The isoleucine 
concentrate contained 43 per cent isoleucine and 45 per cent leucine as 
determined by microbiological assay. 


' Partial acid hydrolysate of purified fibrin for intravenous administration is sold 
under the trade name, Aminosol. 
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The results are shown in Fig. 2 together with a record of the 12 day 
weight recovery of six rats on a hydrolysate of purified fibrin which eon. 
tained 4.6 per cent isoleucine. All of the rats which received the extra 
isoleucine had gained more than any of the rats on the unfortified hydroly. 
sate after the 18th day of the assay and the difference appeared significant. 
Repetition of this experiment in a 12 day assay again revealed a smal] 
average increase in growth response on addition of synthetic DL-isoleucine 
to the crude fibrin hydrolysate. These results indicate that a longer 
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DAYS 
Fic. 1. The arrows indicate the point at which feeding the fibrin hydrolysate at 
the four different intake levels was started. All rats were prepared for assay bya 
J)2 day depletion period, a 3 day drinking trial on a standard fibrin hydrolysate, anda 


day rede] letion. 


assay period than 12 days may be desirable, depending on the purpose for 
which it is used. For purposes of routine testing, a somewhat shorter 
period than 12 days may prove adequate, particularly when the nitrogen 
intake is limited to a critical level. 

The isoleucine requirement for a maximum rate of repletion was calcu- 
lated to be somewhat in excess of 75 mg. per rat per day. ; 

Requirement for Tryptophan—F razier et al. (9) indicated that in complete 
amino acid mixtures an intake of 18 mg. per day of pL-tryptophan supplied 
the need for this amino acid for good weight recovery in adult protein- 
depleted rats, but that 9 mg. of pL-tryptophan were distinctly limiting and 
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gave only a very small response. As a result of many experiments the 
fact became Clear that partial acid hydrolysates of fibrin which contained 
upwards of 0.9 per cent natural tryptophan on a dry basis gave uniformly 
rapid weight recovery in depleted rats. When fed ad libitum, such hy- 
drolysates supplied about 24 mg. of tryptophan per rat per day, with a 
12 day weight recovery of about 60 to 65 gm. Hydrolysates which con- 
tained 0.6 per cent tryptophan under similar conditions supported an 


GRAMS 
CRUDE CRUDE | PURIFIED 
FIBRIN HYDROLYSATE FIBRIN HYDROLYSATE FIBRIN HYDROLYSATE 
250+ 611K 306 1% ISOLEUCINE 702 K300 
| 1% LEUCINE, 
220 
0 
90 \ \\ j 
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hic. 2. Weight response at 12 and 18 days of protein-depleted rats (males) to ad 
libitum feeding of partial acid hydrolysates of crude fibrin alone and fortified with 
equal parts of leucine and isoleucine at a level of 1 per cent of the hydrolysate solids. 
Comparison with partial acid hydrolysate of purified fibrin. The solutions each con- 
tained 5 per cent hydrolysate and 5 per cent dextrose. The solid lines indieate the 
first 12 days of the siapplement; the broken lines, the 6 additional days of supplement. 


average weight gain of only about 40 gm., with a tryptophan intake of 
about 14 mg. per rat per day. 

In order to make the effect of a limiting deficiency of tryptophan more 
critical, experiments were run in which the hydrolysate intake was limited 
to supply 0.24 gm. of N per rat day. Previous work had shown that the 
maximum weight recovery on various hydrolysates fed at this level is 50 
todd gm. in 12 days. Tor the experiments a 5 per cent fibrin hydrolysate 
was selected which was known to contain a limiting level of tryptophan; 
i.e., 0.68 per cent on the basis of the hydrolysate solids. To part of this 
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was added an amount of DL-tryptophan to give 0.92 per cent on a dry 
basis. The experiment was carried out with two groups of six rats each, 
as shown in Fig. 3. 

The considerable difference in weight gain for the two groups of rats js 
shown in Fig. 3. The 12 mg. daily level of tryptophan is clearly too loy 
lor best periormance. ‘The level of 16.5 mg. is thought to be about opti- 
mum at the level of nitrogen intake studied. A somewhat higher level. 
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partial acid hydrolys te of purified fibrin alone and with 0.24 per cent DL-tryptophan 


added on the hydrolysate solids. The solutions fed contained 0.24 gm. of N per day 
The assay includes a 3 day orientation period Curing which the liquid hydrolysate 
was fed ad libitum, followed by a3 day depletion before the assay 
ic. IS to 20 meg. per rat per day, is required tor the maximum response ol 
about 60 to 65 gm. under conditions of ad libitum feeding. 

Effect of Degree of Hydrolysis-—-Vhe availability of partial acid hydroly- 
sates of fibrin of varying degrees of hydrolysis offered the opportunity to 
study the effect of the progressive destruction of strepogenin on nutritive 
value. Five separate hydrolysates varying widely in the degree of hydroly- 


sis were compared in the repletion test. The hydrolysis conditions used 
were similar in each instance except that the degree of hydrolysis was 
varied by the time of heating in acid. The ratio of free amino acid nitrogen 
to total nitrogen ranged from 42 to 74 per cent in the hydrolysates studied. 
Complete hydrolysates of fibrin have a ratio of 75 to 76 per cent. 
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The tryptophan was completely destroyed in Lot 705K308, in which the 
hydrolysis Was nearly complete. When necessary, L-tryptophan was added 
je that the content of all hydrolysates would be similar, z.e., 1.0 per cent 
tryptophan on the basis of 16 per cent nitrogen. Also all hydrolysates 
were similarly fortified to supply 3.2 per cent methionine and 2.7 per cent 
cystine. 

The strepogenin content ot the hydrolysates was determined micro- 
biologically with Lactobacillus caset, as described by Sprince and Woolley 
418). According to their practice Wilson liver fraction L was arbitrarily 


TasieE I] 
Effect of Degree of Hydrolysis and Strepogenin Content of Acid Hydrolysates of Fibrin 
Repl 120” Sponse Fe, ling Lihbitum 


letion response Strepogenin 


Fibrin hydrolysate,* Hvdrolvejet | COOH-N. content 
lot No to total N (Lactobacillus 
No. of rats Range Average | caset assay)$ 
per cent gm gm ; 
702K300 1) HO 2.3 
704K300 +4 10-56 5] 1.6 
702K302 ts 55 1.3 
706 K312 1] 56 0.7 
705K308 . 1S 74 7 14—S0 
Complete hydroly 


* All lots contained 5 per cent fibrin hydrolysate and 5 per cent dextrose, and 
were made to contain equal levels of tryptophan, methionine, and cystine. 

t Hydrolysis was carried out at 10 to 20 per cent protein concentration with a 
ratio of H2SO, to fibrin of 1.2:1. The complete hydrolysate was further hydro 
lyzed with S N HC! tor 8 hours. 

t Liver fraction L (Wilson) = 1}. 


assigned a value of unity and the potency of the hydrolysate solids was 
expressed in relation to this standard. 

The five hydrolysates made to 5 per cent solids were assayed by the rat 
repletion method with feeding ad libitum. From six to eleven rats were 
used in each group. Records of liquid intake were kept throughout the 
12 dav period so that nitrogen efficiency ratios could be ecaleulated. All 
of the hydrolysates were well taken, the intake averaging about 55 to 60 ee. 
per day. 

The degree of hydrolysis, the average i2 day weight gains, and the 
relative strepogenin content of the five hydrolysates are shown in Table II. 
The data indicate that there is no failure in nutritive value as measured by 
this test following destruction of almost all of the strepogenin originally 
present in the protein. Nitrogen efficiency values in the narrow range of 
12.6 to 13.8 were obtained for the different hydrolysates. 
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The lot of fibrin hydrolysate in which hydrolysis was nearly complete, 
Lot 7051x308, was also tested at the level of 0.24 gm. of N. The average 
weight gain of six rats under these conditions was 52 gm. (range, 41 to 69 
gm.), Which is about the maximum obtained with partial hydrolysates of 
fibrin. 

Partial Acid Hydrolysates of Casetn—Experiments with partial acid 
hydrolysates of casein are particularly interesting with regard to the 


PARTIAL AC!D HYDROLYSATE OF CASEIN, 5% _ 


| LOT 508K205 ig 
aot 3 DAY DRINKING TRIAL 
| 
HYDROLYSATE 35CC ——HYDROLYSATE 
2350) | | 246M N PER DAY ae .24 GM N PER DAY 
/ 
210} | | 
| 
\ 
\\\ UNFORTIFIEC / FORTIFIED WITH 
|? /// A 06% DL TRYPTOPHAN 
\\ \Y// | / 15% DL METHIONINE 
ip 
\\\\ / 
\WY 
i60+ A I} 
40! AVERAGE WEIGHT LOSS AVERAGE WEIGHT GAIN 
| Vv \\ 12 DAYS 14.6 GM DAYS 53.3.GM 
i307 \ 
| 
120} 


© 10 20 30 o 0 20 30 
DAYS 


hic. 4. Weight response of protein-depleted rats (males) to the controlled feeding 
of partial acid hydrolysates of casein alone and fortified with pL-tryptophan and bL- 
methionine. New rats after a 3 day orientation period were used in the first in- 
stance; rats twice depleted in the latter case. The solutions contained 5 per cent 
hydrolysate only 


utilization of the sulfur amino acids. Icxperiments were carried out with a 
casein hydrolysate which contained about 75 per cent bound amino acids. 
The essential amino acid content, calculated to 16 per cent N, is as follows: 
isoleucine 4.5, leucine 8.4, valine 6.4, threonine 4.2, methionine 2.8, cystine 
1.5, phenylalanine 3.7, tyrosine 4.2, tryptophan 0.4, lysine 8.1, histidine 3.2, 
and arginine 3.4. The hydrolysate was fortified during manufacture 
with 0.8 per cent cystine above the normal level of 0.7 per cent. Assay 
results on this hydrolysate at a level of 0.24 gm. of N per day are shown in 
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Fig. 4. Only 47 per cent of the liquid allotment was taken and a weight 
loss occurred in all rats. 

~The tryptophan deficiency was corrected by addition of Di-tryptophan 
to a level of 1.6 per cent on 16 per cent N. pi-Methionine was added to 
supply a total of 6.29 per cent. The hydrolysate was fed at a level of 
0.24 gm. of N per day and the average intake was 88 per cent of the allot- 
ment. Growth responses for the hydrolysate fortified in this way are 
shown in Fig. 4. 

Further experiments were conducted in which the original hydrolysate 
was fortified with pi-tryptophan at the same level as above. The casein 
hydrolysate fortified with tryptophan supported an average weight re- 
covery of 30 gm. (range 20 to 41 gm.) in 12 days in six rats. The rats took 
93 per cent of the allotment of 0.24 gm. of N per rat per day. 


DISCUSSION 


The primary role played by the “indispensable”? amino acids, lysine, 
histidine, isoleucine, leucine, valine, threonine, tryptophan, and phenyl- 
alanine, has been clarified by Rose and his coworkers for growth in rats and 
maintenance in adult humans (10), and by Cannon’s group (9) for repletion 
in adult’ protem-depleted rats. The present method imposes highly 
critical conditions in the use of still growing, nearly adult rats for depletion. 
The stimuli for growth and repletion occur simultaneously and deficiencies 
in assay Materials promptly become manifest. 

Frazier ef al. (9) have reported that amino acid mixtures patterned 
after Casein support as great or greater repletion responses as an isonitrog- 
enous amount of casein. Our experience (11) has been that amino acid 
mixtures produce a somewhat greater response than casein. ‘This has been 
true, despite the unavailability of the p forms of valine, isoleucine, and 
threonine used in the mixtures. Direct comparisons are further com- 
plicated by the fact that cas:in contains about 10 per cent of its nitrogen 
in the amide groups of asparagine and glutamine. ‘The finding that pro- 
gressive destruction of strepogenin does not reduce the repletion response 
to ad libitum teeling strongly supports the thesis that adult protein-de- 
pleted rats do not require strepogenin for maximum recovery. 

Somewhat opposed to the hypothesis that proteins and protein hydroly- 
sates contain amino acids combined in a way which provides a nutritional 
advantage, such as that ascribed to strepogenin for the growth of young 
rats (19), are the repeated findings in this laboratory that complete acid 
hydrolysates of proteins fortified with tryptophan are not generally in- 
ferior, and may even be superior, to the original proteins. Risser (20) 
reported that complete hydrolysates of casein fortified with tryptophan 
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and cysteine are slightly more etiective in maintaining nitrogen balance 
orally in dogs at minimum levels than is whole casein fortified with the 
same amount of cysteine. As previously discussed, partial acid hydroly. 
sates of casein appear to be less well utilized on injection than partial acid 
hydrolysates of fibrin (4, 5). In the present experiments there is further 
evidence that the failure in utilization of casein and casein hydrolysates 
involves the sulfur amino acids, particularly methionine. 

The following average weight gains for 12 dave, from the above data 
and Table I], are illustrative: casein 44 gin., casein hydrolysate fortified 
with tryptophan and cysteine 30 em., casein hydrolysate fortified with 
tryptophan, cysteine, and methionine 53 gm., and fibrin 5S gm. The total 
sulfur amino acid content of these preparations was determined as 3.6, 4,3. 
7.8, and 3.8 per cent respectively. The methionine contents of Casein 
and fibrin were found by analysis, and are generally reported to be about 
3 and 2.2 per cent respectively. In these experunent 3, as in the previous 
work with dogs (5), fortification of partial acid hydrolysates of casein 
with cysteine to a level of total sulfur amino acids in excess of that in fibrin 
is insufhcient to correct the sulfur amino acid deficiency. Fortification 
with adequate methionine, however, appears to improve the nutritive 
character of this type of casein hydrolysate greatly. It is of further 
interest to note that pure amino acid mixtures, patterned after casein 
and made to contain about 3.8 per cent total sulfur amino acids, supported 
nearly maximum repletion responses and no evidence of a sulfur amino 
acid deficit Was apparent (11). I¢xperiments are under way to determine 
the minimum sulfur amino acid requirements for repletion. This appears 
from the data in hand to be no more than 70 mg. per rat per day. 

The ratio of sulfuric acid to fibrin used in these experiments Was 1.2:1, 
about 50 per cent greater than the ratio used previously (3-5). — lLExperience 
in this laboratory with the hydrolysis of proteins, particularly recent work 
by Dr. G. F. Lambert, has indicated that fibrin is unusual with regard to 
the ease with which it undergoes acid hydrolysis. Although complete 
destruction of tryptophan, as well as strepogenin, occurred under the 
eonditions used for complete hydrolysis, no significant destruction of other 
essential amino acids was thought to occur. Casein 1s considerably more 
resistant to acid hydrolysis than fibrin and requires rather drastie conditions 
for completion of hydrolysis. Vecause of the many interactions which 
take place during the hydrolysis of proteins it is difficult to assess the 
resulting hydrolysates in relation to the whole protein. The use of fibrin 
may reduce these uncertainties to some extent; however, the final answer 
must be based on comparisons between purified proteins and their counter- 
part mixtures of pure L-amino acids. 
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SUMMARY 


A relatively rapid method for assaying the nutritive value of liquid 
protein hydrolysates, based on weight regeneration in protein-depleted 
rats, is described. <A feeding level of 0.24 gm. of N per rat per day was 
found to give the highest nitrogen efficiency ratio in the case of a partial 
acid hydrolysate of fibrin, and was adopted as a standard feeding level. 
Several whole proteins were assayed as dry supplements separate from the 
diet at the 0.24 em. of N level. 

Partial acid hydrolysates of fibrin were assayed with regard to the 
optimum level of tryptoph@ and isoleucine. The requirement for trypto- 
phan for maximum weight gain was estimated at about 18 to 20 mg. per 
The similar requirement for isoleucine was somewhat greater than 


day. 
’xperiments with partial acid hydrolysates of casein 


75 mg. per day. 
indicated that the sulfur amino acids contained therein are not completely 
utilized when taken orally by the rat. 

The degree of hydrolysis of partial acid hydrolysates of fibrin did not 
appear to alter the repletion responses up to the hydrolysis point at which 
97 per cent of the amino acids were in free form and no strepogenin 


remained. 
Thanks are expressed to P. N. fF. Naidu, in charge of Aminosol manufac- 
ture, for supphes of many of the materials studied, to Elsa Proehl for 


COOH-N determinations, to Eleanor Willerton for microbiological amino 
acid analyses, and to E-. O. Krueger for chemical analyses of amino acids. 
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Biol THE ROLE OF BIOTIN AND ADENYLIC ACID IN AMINO ACID 
DEAMINASES 


1€0, | By HERMAN C. LICHSTEIN ano JOHN F. CHRISTMAN 


iol (From the Department of Bacteriology, University of Tennessee, Knoxville) 


(Received for publication, May 3, 1948) 


Within the past year the mode of action of biotin has become increasingly 
clarified. The relation of this vitamin to oxalacetic acid decarboxylation 
was discovered independently in at least four laboratories (1-4), while its 
apparent role in the synthesis of oleic acid has been suggested by Williams 
eial. (5) and Snell ef al. (6). Biotin has further been shown to activate the 
deamination of aspartic acid, serine, and threonine (7). This paper is 
concerned with biotin activation of the deaminases. 


Methods 


The organisms employed in these studies were Escherichia coli (Gratia), 
Escherichia coli (10B3), Proteus vulgaris, Aerobacter aerogenes, and Bac- 
rium cataveris (Gale). They were grown for approximately 16 hours 
at 27-30° in a medium composed of 1 per cent each of tryptone and yeast 
extract and 0.5 per cent K.HPO,; the final pH was 6.9 to 7.2. In certain 
instances this medium was supplemented with 0.1 per cent formate. Cells 
| were harvested by centrifugation, washed once with distilled water, and 
| suspended in mM phosphate, p!I 4, to give about 1 mg. of bacterial nitrogen 

per ml. Biotin deficiency was obtained as previously described (3, 7) by 
holding the cell suspensions at p!H{ 4 in phosphate buffer for 30 to 69 minutes 
at 20-30°. The deamination experiments were performed at either pH 4 
or 7 in phosphate buffer at 37°. After incubation in the presence of an 
' amino acid substrate the reaction was stopped with 100 per cent trichloro- 
acetic acid, and ammonia was determined colorimetrically (ilett-Sum- 
merson photoelectric colorimeter) on aliquots of the centrifuged samples. 
The biotin employed was the free form! and the adenylic acid was the 
adenosine-5-phosphoric acid.” Further details are included with the data. 


| Results 


The data given in Table I demonstrate that biotin stimulates aspartic, 
serine, and threonine deaminases. Biotin alone fully replaces the mixture 

1 We are grateful to Merck and Company, Inc., Rahway, New Jersey, for supplies 
of this material. 

? Kindly supplied to us by the Ernst Bischoff Company, Ivoryton, Connecticut. 
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of all the known members of the vitamin B complex, while such a mixture 
without biotin gives little or no stimulation. 


TABLE I 
Biotin Activation of Aspartic Acid, Serine, and Threonine Deaminas. 

Cells grown as deseribed in the text, aged at pii4 in wt phosphate at 25-30°. Reae 
tion run at pH 7, 37°, 20 to 30 minutes; volume 2 ml. Amino acids added at 0.005 y 
final concentration. The increase in ammonia over samples stopped at zero time 
was taken as an index of deamination 


Ammonia nitrogen produced 
Organism \mino a — 
No | Vitamir | Vitamins Biotin, 014 
idaitions less biotin per ml. 
Y 
coli (Gratia 1-Aspartie 1.7 10.0 
9.2 20.8 
11.0 23.5 25.0 
10.6 4.9 23.9 
10.9 il.2 10.7 
pL-Serine 23.U 230) 31.9 20.5 
31.3 
20.1] 
15.7 
vulgar) L-Aspartic 14.8 
7.9 6.5 20.3 
6.8 
pL-Serine 5.3 10.4 
14.6 14.4 21.2 
FE coli (10B3 L-Aspartic 9.4 
Threoni 14.9 
6.2 iZ.8 12.9 
B. cadavers L- Aspartic S_9 
1.1 12.7 
7 
pi-Serine 2.9 
6.23 12.9 13.3 
2.4 5.0 9 6 


DFG 


* Vitamins added per ml., nicotinic acid 2.5 7, p-aminobenzoie acid 1 y, riboflavin 
0.5 y, pantothenic acid 0.5 y, thiamine 1 y, folic acid 0.5 y, pyridoxal 5 y. 
+ As vitamins less biotin with free biotin added to vie ld 0.15 per ml. of the reaction 
mixture. 
Attempts to reverse deamination of serine and threonine have so far 
been unsuccessful, while with aspartie acid such reversal is readily demon- 


strable. Using NH,Cl and malic acid, we have been able to follow the 
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disappearance of ammonia and to show that biotin and adenylic acid are 
qiso involved in this reaction. Representative data are given in Fig. 1. 
Results with fumarate have been variable, probably because of perme- 
ability effects. We have previously shown (3) that the product of aspartic 
acid deamination in these cells is fumaric acid and not malate, but that 
malate and fumarate exist in equilibrium because of an active fumarase 
present in these cells. 

Biotin fails to stimulate the deamination of alanine, phenylalanine, and 
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Fic. 1. Reversibility of aspartic acid deaminase in Bactertum cadaveris. Cells 
‘tion run at pH 7, 37°. 0.03 


M malic acid + 20 y7 of ammonia as NH,Cl. Reaction volume 2 ml 


aged at pi fin M phosphate at 20° for 60 minutes Res 


methionine (chosen as typical of the substrates of the v- or L-amino acid 
oxidases) and glutamic acid in comparable experiments in which it was 
effective in stimulating aspartic deaminase (Table I1). The glutamie 
deam'nase in -lerobacter a rOgences has riven variable results, cas shown by 
the data in Table If. In one of five experiments performed, a definite 
stimulation with biotin was recorded. However, to determine whether 
this is a direct biotin effect on glutamic deaminase or an indirect action due 


to transamination of glutamic acid to aspartic acid (with oxalacetic acid 
present in the cell) and subsequent deamination of the latter amino acid 
requires further study. It may be noted that glutamate deamination is a 
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somewhat different process than aspartate deamination in that the forme; 
is reported to involve a diphosphopyridine nucleotide- or a triphospho- 
pyridine nucleotide linked dehydrogenation with the formation of the 
keto acid (8). 

Gale (9, 10), working with aspartic and serine deaminases in ['scherichiq 


C'onditions as for Table I. 


Organism 


(S6G) 


E. coli | 
(10B3) 


Amino acid 


L-Aspartic 
pL-Alanine 


pL-Phenylalanine 


L-Aspartic 
L-Glutamie 
pL-Alanine 
pL-Methionine 


r-Aspartic 
r-Glutamic 
pi-Alanine 
pL-Methionine 


pu-Phenylalanine 


L-Aspartic 
i-Glutamic 
pi-Alanine 
pL-Methionine 
pi-Phenylalanine 


TABLE II 


Failure of Biotin to Stimulate Deamination of Certain Amino Acids 


Ammonia 


nitrogen 


GS 


tS 


ho 


Organism Amino acid 
1. aero L-Aspartic 
Genes pu-Alanine 


pLu-Methionine 


L-Glutamic 


L-Aspartic 
pi-Alanine 


pit-Methionine 


L-Aspartic 
L-C;lutamiuc 


L-Aspartic 
L-Glutamie 


pL-Methionine 


L-Aspartic 
L-Glutamuic 


L-Aspartic 
L-Glutamie 


Ammonia 
hilrogep 


=) =] 


coli, reported that washed suspensions of these cells lost activity on standing 
and that the activity could be recovered by adding boiled cell suspensions 


or other materials. 


Further work showed that the killed cell substance 


could be replaced by adenylic acid and its breakdown products, the most 
However, this was only true for aspartic 


active of which was adenosine. 


deaminase, since adenylic acid in very low concentrations prevented both 
loss of activity and recovery in the case of serine deaminase. 


It was there- 
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fore of interest to determine whether adenylic acid stimulated the deficient 
cells obtained by our aging technique, which respond to biotin. The results 
of such experiments (Table III) show that muscle adenylic acid can re- 
place biotin in aspartic, serine, and threonine deaminase, and that no 
additive effect is obtained by combining adenylic acid and biotin.  Al- 
though the data presented here with aspartic deaminase are in general 
agreement with those of Gale (9), our results with serine deaminases are 
distinctly at variance with Gale’s work (10). 


TaBLe III 
Adenylic Acid Stimulation of Aspartic Acid, Serine, and Threonine Deaminase 
Conditions as for Table I. 


Ammonia nitrogen 


Organism Amino acid | Adeny lic A 
per mi. Liotin 
Y Y Y Y 
E. coli (Gratia) L-Aspartie 25.5 23.8 
| 11.0 20.0 27.0 23.6 
ma, 10.0 10.6 10.9 
0 
| 65 | 109 10.8 
L-Aspartic 6.6 | 
pi-Serine 
pi_-Serine 1] .3 


Further experiments were designed to determine the relative levels of 
each substance required to stimulate aspartic deaminase in Baelerium 
cadaveris. The data (Table IV) show a striking difference in the concen- 
tration of biotin and of adenylic acid required to activate this enzyme. In 
Experiment 1 the aging process resulted in cells which were completely un- 
able to deaminate aspartic acid without additions. The biotin levels 
tested were 0.001 to 5 y per 2 ml. of reaction volume. All levels were 
effective and no end-point was reached. On the other hand, 1 y of adenvlic 
acid seemed to be necessary for good stimulation and 0.1 y gave very little 
activity. In Experiment 2 the dilutions of both substances were carried 
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further in an attempt to get a good end-point. The aging process was not 
as effective as in Experiment 1, but significant stimulations were obtained. 


TABLE IV 


Relaiive Concentration of Adenylic Acid and Bictin Required to Stimulate Asparti¢ | 
Deaminase in Bacterium cadaveris 


Conditions as for Table I. 


Experiment No. Biotin per 2 ml. NH: production production 
] 0) 0) 0 
5 12.4 100 12.1 
l is 10 12.1 
10°! 7.0 
10°? 7.0 0.1] 
10-3 7.0 | 
2 0 5.9 0 5.9 
l 10.2 100 10.4 | 
107? 8.8 10 10.6 | 
10-2 8.8 ] 6.5 
1075 9.7 0.1 6.5 
10-4 11.0 0.01 6.6 
10-5 11.0 
10-6 6.5 
3 0 4:4 
10 y 10 
! 13.5 11.2 | 
107°! 1.0 0.1 6.8 
10-2 14.6 0.01 
10-3 
10-4 
1075 1.0 
10-6 
10>? 3.0 
j 0 5.7 t 
5 13.8 100 14.9 
] 11.6 10 14.5 
10°: 12.3 9.4 
10°? 13.2 9.2 
10-3 13.2 0.01 6.7 
13.0 0.001 6.6 
i0.8 
8.8 
107-7 5.9 
10-8 6.4 
The data obtained show that 10-5 y of biotin is sufficient to stimulate the ‘ 


aged cells fully, whereas the activity of 10~° y is considerably less. The 
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end-point for adenylic acid is somewhere between 1 and 10 y; so that biotin 
is roughly 100,000 times more effective than adenylic acid. In Experi- 
ment 3 the aging process was very effective, resulting in cells showing very 
limited activity. Significant stimulations were recorded for biotin through 
10-5 y per 2 ml., while 0.1 y of adenylic acid was required for similar stim- 
ulation. In Experiment 3 biotin was about 10,000 times more effective 
than adenylic acid. The deticiency obtained in Experiment 4 was almost 
identical with that in Experiment 2. Significant biotin stimulations were 
obtained through 10-° y per 2 ml., while adenylic acid was required in a 
concentration of 0.1 y per 2 ml. to give equal stimulation, again making 
biotin about 10,000 times more effective than adenylic acid (see Fig. 2). 


ADENYLIC ACID 


NO ADDITIONS 


LOG CONCENTRATION BIOTIN AND ADENYLIC ACID 
Fic. 2. Relative concentrations of adenylie acid and biotin required to stimulate 
aspartic acid deaminase in Bacterium cadaveris. 


The logical question arises as to the role of adenylic acid in the deamina- 
tion of aspartic acid, serine, and threonine. Although on the basis of the 
data cited (Table IV) adenyliec acid is roughly 10,090 times less effective in 
stimulating the deficient cells than is biotin, it does nevertheless fully 
stimulate the aged cell. Controlled experiments show that under the 
conditions of the experiments there is no ammonia released from adenylic 
acid itself; so that increases in ammonia are due to deamination of added 


amino acid. 

Several hypotheses were considered in an attempt to clarify the réle of 
biotin and adenylie acid in the activation of these amino acid deaminases. 
The first of these was that the adenylic acid employed in these studies 
contained biotin as a contaminant. Such a hypothesis could be tested 
experimentally by microbiological assay for biotin. The methods em- 
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ploved were those given by Snell ef al. (11) with Saccharomyces cerevisiae. 
The results obtained from such assays revealed that 1 y of adenvlic acid 
was equivalent to 10~-'° y of biotin on the basis of stimulation of the 
growth of Saccharomyces cerevisiae in a che nically defined medium lacking 
only in biotin. Since to account for the activation of the deaminases the 
adenvlic acid should have contained 10~* y of biotin per microgram, it is 
unlikely that adenylic acid stimulation of aspartic, serine, and threonine 
deaminases is due to its biotin content. 

Ilypotheses other than biotin contamination of adenylic acid were devel- 
oped; namely, (1) biotin may not be the coenzyme of these deaminases 
but funetions in some manner in the production of adenylic acid, (2) 
adenylic acid may function as a non-specific energy source supplying the 
3) 
adenylic acid may be specifically necessary to phosphorylate biotin, (4) 
adenyvlic acid may combine with biotin to form a coenzyme similar in 
structure to diphosphopyridine or triphosphopyridine nucleotide.  At- 
tempts were made to put these hypotheses to experimental test. 

It was felt that time curves would shed light on the first hypothesis, 
since, if biotin activation of these deaminases is due to an indirect eTect, 


energy necessary to synthesize the active coenzyme form of biotin, 


namely its necessity in the formation of adenylic acid, then there should bea 
definite lag period before biotin stimulation is noted and essentiilly none 
with adenylic acid. The data (Table V) presented are for six typical 
experiments. In all cases biotin stimulation was noted before adenylic 
acid stimulation, and in all but one instance biotin activation was present 
at the first time interval. These data suggest that the first hypothesis is 
unsound and that biotin must be directly associated with the aspartic 
acid deaminase. It must be pointed out that the lag in adenylic acid 
stimulation could well be due to permeability factors in the living cell. 
[t should be noted that in three of the six experiments cited, in which the 
time curves were extended to 60 minutes, adenylic acid stimulation of 
aspartate deaminase at pH 7 exceeded that produced by biotin. This 
was taken as an indication that adenylic acid may be serving as an energy 
source either specifically or non-specifically (hypotheses (2) and (3)) and 
that the aged cells lose the ability to synthesize the coenzyme form of 
biotin in the absence of a suitable energy supply. Similar results have been 
obtained for serine and threonine deaminases. Further experiments were 
designed to study biotin and adenylic acid stimulation at p!1 7 and 4 since 
the latter pH] should be low enough to reduce markedly or even inhibit 
entirely the synthetic mechanisms of the cell. It was also considered 
advisable to include the breakdown products of adenylic acid, namely 
adenine and ribose, and to check the specificity by using guanine and xy- 
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lose. Results of three typical experiments are given in Table VI and the 
data of one are graphically presented in Fig. 3. 
It may be seen that the activation of aspartic acid deaminase by all 


substances tested with the exception of biotin differs at pH 7 and 4. Stimu- 


lation by adenine, guanine, xylose, and ribose, while noted at pH 7, is not 
present at pII 4, suggesting that these substances may stimulate only under 


TABLE V 
Time Required for Biotinand Adenylic Acid Stimulation of Aspartic Acid 
Deamination in Bacterium cadaveris 
Conditions as for Table I. 
The figures represent the micrograms of ammonia nitrogen produced after sub- 
tracting the micrograms of ammonia present in similar cell suspensions ineubated 
at the times given without added aspartate. 


Additions 1min. | 5 min. 10 min. iS min. 20 min 30 min 60 min. 


0 2:2 4.2 6.2 

0.0005 y biotin.. 4.6 9.3 

50 y adenylic acid. 2.6 6.4 

0.0005 y biotin... 3.5 1.6 24 8.4 

50 y adenylic acid. . 0.4 Pe S.4 9.5 

0.5 y adenylic acid 0.2 1.1] 1.6 

None. . 0 | | 0 95 
0.05 y biotin 2.3 6.9 7.6 
50 y adenylic acid 0 0 3.7 12.4 
| 0) 0 12.9 
0.05 y biotin.. 2.0 4.0 6.6 13.2 
50 y adenvlie acid 6.6 20.2 
None... 2.9 t 6 6.8 10.5 
0.5 y biotin 10.5 16.0 25.6 25.6 
adenviie acid 3.0 | 11.0 16.0 33.0 
None..... 29 1 6 

0.5 y biotin : 1.8 10.5 10.5 

adenyhe acid 0 11.0 


conditions which enable the cells to gain energy from them to synthesize the 
coenzyme. That synthesis of the aspartate deaminase coenzyme does 
occur even in the absence of added substances may be seen from a compari- 
son of the figures for no additions at pH 7 and4. Such a comparison shows 
that at pH 7 the cells can synthesize the coenzyme, while at pH 4 this 
synthesis is either absent or greatly reduced. Biotin stimulation of as- 
partate deaminase seems not to depend on the pH, although it is usually 
more pronounced at pH 4 than at pH 7 because of the inability of the cells 
to synthesize the coenzyme without this vitamin at the former pH. Stim- 
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None 

0.05 vy biotin 

50 adenvylic acid 
50 ** adenine 

guanine 

50 nbose 

xylose 


None 

0.05 y biotin 

50 y adenvlic acid 

0.05 y biotin + 50 y adenylic acid 
None 

0.05 biotin 

50 > adenylic acid 


30 min. 
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0.C5 y biotin + 50 ¥ adenylic acid 


Ammonia nitrogen produced 


pli? 

| 60 min. 30 min. 

Y 

1.8 1.9 
10.9 
16.4 2.6 
10.3 2.4 

9 4 | .3 
10.1 
9.7 2.6 

40 min. 80 min. 20 min. 
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ulation by adenylic acid, while differing at pH 7 and 4, is definitely present 
in both instances as opposed to adenine, guanine, ribose, and xylose. It is 
noted that, whereas adenylic acid stimulation at pH 7 usually exceeds 
biotin (Tables V and VI) after a suitable incubation period, at pH 4 the 
lag period before adenylic acid stimulation is noted is greatly extended and 
after 80 minutes incubation it has not reached the biotin activity. It is of 
definite interest to note that in some instances (Table VI and Fig. 3) cells 
may be stimulated to a greater extent by a combination of biotin and 
adenylic acid than by either agent alone. 

The data of Table VII show that on two occasions cells were obtained 
which at pli 4 failed to be stimulated by either biotin or adenylic acid 


TasLe VII 
Effect of Biotin Plus Adenylte Acid en Aspartic Acid Deaminase in Bacterium 
cadaveris 


Ammonia nitrogen produced 


Additions per ml pH 4 pH 7 
30 min. 60 min 30 min.  - 60 min. 
Y Y 7 
None. 2.8 2:6 7.8 16.0 
0.05 y biotin 2.8 2.8 12.2 20.2 
50 y adenylic acid 2.8 2.8 8.3 24.0 
0.05 7 biotin +- 50 y adenvlic acid- 2.8 8.6 12.6 22.6 
None. 1.9 1.9 6.3 12.9 
0.05 y biotin 1.9 1.9 11.7 21.1 
50 y adenvlie acid 1.9 1.9 6.9 22.2 
0.05 y biotin + 50 y adenyhie acid 1.9 6.5 12.1] 23.4 


alone, but were markedly stimulated by a combination of biotin and 
adenylic acid. ‘These same cells at pH 7 were able to synthesize coenzyme, 
biotin activity and adenylic acid stimulation were typical, and very slight 
if any additive eifect is noted when both biotin and adenyvlic acid are com- 
bined. These data suggest that the third or fourth hypothesis may be 
valid; namely, that adenylic acid is intimately associated with these de- 
aminases, either having the function of phosphorylating biotin to an active 
coenzyme form or by chemically combining with biotin to form the co 
enzyme. 

It might be well to consider in some detail the aging process as employed 
In our studies to obtain a biotin deficiency. Microbiological assays for 


biotin content in fresh and aged suspensions of Bacteriwn cadaveris have 
shown a definite reduction in biotin content after aging at pH 4 in phosphate 
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buffer. Thus in one typical experiment a freshly harvested bacterial sus- 
pension contained 10~* y of biotin per mg. of cell nitrogen, while after 
aging at plI 4 in M phosphate for 30 minutes at 30° it contained 10-5 ¥ of 
biotin per mg. of cell nitrogen, or about a 1090-fold reduction. 

It must be emphasized, as is already evident from some of the data 
presented, that the degree of biotin deficiency obtained by the aging pro- 
cess varies greatly. At times, although rarely, cells are obtained which 
are completely unable to deaminate aspartic acid in the absence of added 
biotin, while at other times, again rarely, cells may be obtained which are 
unable to deaminate aspartic acid, even upon the addition of biotin. In 
general the aging technique when carefully controlled will result in cells 
that show some deficiency in a reaction involving biotin, and biotin stimu- 
lation is recorded. 

Although the mechanism of the aging process is not known, we feel that 
it ean oecur both enzymatically and non-enzymatically, but in living cells 
the former is probably the case. The mechanism may be a destruction of 
an active coenzyme form of biotin at plfl 4. The following data are in 
support of this hypothesis. Free biotin ean be added at pil 4 and stimula- 
tion of the deficient ce'ls occurs, sugzesting that biotin can itself be eon- 
verted to the coenzyme form at this pil. Biotin solutions may be kept at 
pH 4 without loss in activity, while veast extract, which can replace biotin 
in the stimulation of these enzymes, loses its activating effect after 4 to 12 
hours at pH 4 at ice box temperatures. In certain instances yeast extract 
kept at pH 4 will not only lose its stimulatory effect but may show some 
inhibition. ‘These findings suggest that yeast extract may contain some 
of the coenzyme form of biotin which is non-enzymatically degraded to an 
inactive form and in some cases to an inhibitory analozue. While these 
data do not prove the existence of another active form of biotin, they are 
suggestive that a coenzyme form does exist. It may be noted that so 
far all the vitamins which have been shown to function as coenzymes exist 
in an active phosphorylated form. As to whether or not the aging or split- 
ting phenomenon is an enzymatic one, two other findings should be men- 
tioned. In our experience cells grown in the absence of yeast extract cannot 
be made biotin-deficient by our technique, and, secondly, living cells ean 
be aged at pH 4, while vacuum-dried preparations have so far given nezga- 
tive results. Both of these findings are sugeestive of an enzymatic aging 
process, since one may postulate that some factor in yeast extract is re- 
quired for the activity of the enzyme which cleaves the holoenzyme into 
the apoenzyme and coenzyme, and that this cleaving enzyme is labile to 
vacuum drying. Certainly if the aging process was merely a matter of 


| 
| 
| 
| 
| 
| 
| 
| 


H. C. LICHSTEIN AND J. F. CHRISTMAN 661 


diffusion of a cofactor from the cell into the suspending menstruum, we 
would expect the process to occur as readily or more so in a vacuum-dried 
preparation of the same cells. 

We have investigated to some degree the optimum conditions for aging 
and to date ean recommend the following as giving the best results in our 
hands: growth conditions, tryptone gives better results than peptone; the 
addition of formate is advantageous; yeast extract is essential; aging con- 
ditions, a cell concentration of 1 mg. of N per ml. or less gives best results; 
phosphate at pII 4 is better than at pH 3 or 5; 20° is better than 10° or 30°. 

The data presented in this paper show that both biotin and adenylic 
acid are concerned with the activation of aspartate, serine, and threonine 
deaminases. Although the mechanism by which these substances stimulate 
is not yet entirely clear, the results suggest that biotin exists in a coenzyme 
form and that adenylic acid is functioning either as a phosphorylating agent 
of biotin to an active coenzyme or that 1t combines with biotin to form a 
coenzyme, possibly similar in structure to diphosphopyridine or triphos- 
phopyridine nucleotide. The studies reported here do not enable one to 
distinguish between these two or even more possibilities. 

It is relevant to add another point regarding biotin and adenylie acid 
stimulation; namely, whether or not the coenzyme can be assayed. On 
several occasions microbiological assays for biotin were made on experi- 
mental tubes and it was found that biotin could be detected in all instances 
equal to the amount added plus the amount originally present in the cells. 
In the case of adenylic acid stimulation no increase in biotin content was 
found. ‘This may be interpreted as a suggestion that adenylic acid stim- 
ulation is an indirect one, having nothing to do with the production of bi- 
otin. However, when we consider that in the case of biotin activity no 
change in biotin content was found, it may be either that the amount of 
coenzyme formed is so small as not to be detected by our assay methods or 
that the active biotin coenzyme is not assayed by the method employed. 


SUMMARY 

Biotin deficieney of several bacterial species was obtained by holding the 
cells at plT 4 in phosphate buffer at 20-30° for 30 to 60 minutes. Such cells 
show a markedly decreased ability to deaminate aspartate, serine, and 
threonine and this activity is restored by the addition of biotin or adenylie 
acid to washed cell suspensions. Cells similarly treated show no difference 
in alanine, phenylalanine, methionine, and glutamie acid deaminase ac- 
tivitv. Experiments are presented in an attempt to clarify the rdle of 


biotin and adenvlic acid in aspartate, serine, and threonine deaminases. 
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ORIGIN AND DISTRIBUTION OF THE HYPERGLYCEMIC- 
GLYCOGENOLYTIC FACTOR OF THE PANCREAS* 


By EARL W. SUTHERLAND ano CHRISTIAN pve DUVET 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis) 


(Received for publication, May 20, 19438) 


There are many references in the early literature (for a summary see 
Jensen (1)) to a transient hyperglycemia which is produced in man and 
animals on intravenous injection of various commercial insulin prepara- 
tions. ‘This hyperglycemia sets in a few minutes after injection, reaches a 
maximum in about 5 to 10 minutes, and is then overshadowed by the 
rapid fall of blood sugar to hypoglycemic levels. Burger and Brandt (2), 
in particular, carried out an extensive investigation in order to determine 
the nature of this hyperglycemic factor. ‘They were unable to separate 
it from insulin by isoelectric precipitation, alcohol fractionation, or ad- 
sorption and concluded that its chemical properties must be very similar to 
those of insulin. 

A separation was, however, effected by crystallizing insulin by the method 
of Abel ef al. (3). As shown by several authors (1), this material did not 
eause an initial hyperglycemia, even on injection into the portal vein. 
It was then assumed that “impurities”? were responsible for the hyper- 
glycemic action of other insulin preparations and little attention was paid 
to this phenomenon. With the advent of new methods of crystallization, 
such as that of Scott and Fisher (4), it Was apparently taken for granted 
that they would also lead to a separation of insulin from the hyperglycemic 
factor. ‘That this is not the case was recently shown by de Duve, Hers, 
and Bouckaert (5) and confirmed by Olsen and INlein (6). These authors 
found that, with the exception of one insulin preparation,’ all others, 
including crystalline zine insulin, caused an initial hyperglycemia on 
intravenous Injection in animals. 

Shipley and Hlumel (7) had demonstrated a glycogenolytice effect of 
insulin on liver slices 7m vitro, but it was shown by Sutherland and Cori (8) 
that this was not caused by insulin itself. The Danish insulin,’ which 
failed to cause hyperglycemia in animals, was also without effect on liver 

* This work was supported by a Rockefeller Foundation postwar assistantship to 
and by a research grant from Eli Lilly and Company. 

t Fellow of the Rockefeller Foundation. Present address, Department of Physio- 
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slices. The glycogenolytic factor in other insulin preparations was shown 
to be non-dialyzable, resistant to alkali and cysteine (under conditions 
which inactivated insulin), and readily destroyed by proteolytic enzymes, 
Its ability to stimulate glycogenolysis appeared to depend on an intaet 
cell structure. A separation of the glycogenolytic factor from insulin 
could be effected by a special method of ervstallization of the latter. 

A study of the distribution and origin of this factor is reported in this 
paper. Of all tissues investigated only the pancreas and parts of the 
gastric and intestinal mucosae contained the factor. The distribution 
followed that of the islet tissue in that there was more factor present in the 
tail than in the head of dog pancreas. Large amounts of the factor were 
found in fetal calf pancreas and in sclerosed pancreatic tissue following 
duct ligation. Finally, normal amounts of the glycogenolytie factor were 
present in the pancreas of rabbits made diabetic with alloxan.’ 

A quantitative method of assay of tissue extracts was based on the 
property of the factor to increase the glucose output of liver slices. Sup- 
plementary observations were also made on the changes in blood sugar on 
injection of tissue extracts into intact animals. The former method has 
the advantage over the latter that the results are not obscured by the 
presence of insulin. 


Methods 


Liver slices were prepared from well fed rabbits by the method previously 
reported (8). One slice was added to 1.2 ce. of a chloride-phosphate buffer 
(made by mixing 80 cc. of 0.9 per cent sodium chloride with 20 ce. of 0.1m 
potassium phosphate solution, pH 7.4). The slices weighed between 50 
and 70 mg. and had a surface area of about 1 sq. em. Incubation was 
carried out aerobically in test-tubes, 2.46 & 15 em., shaken in a Warburg 
bath at the rate of 110 oscillations per minute. The usual time of incuba- 
tion was 45 minutes at 37°. The incubation period was terminated by 
addition of barium hydroxide followed by zine sulfate and the filtrate was 
analyzed for glucose. At times glycogen disappearance Was measured. 
Analytical methods have been previously reported (S). 

Since the glveogenolytic factor appears to follow insulin through every 
step of its purification,® including, In some Cases, repeated ervstallization, 
it seemed reasonable to assume that methods which have been specially 
designed for the quantitative extraction and isolation of insulin from 
pancreatic tissue would also be suitable for the extraction of the glyeo- 


? Preliminary observations on the origin of the glycogenolytic factor have been 


reported (Y), 
? It is for this reason that most commercial insulin preparations contain the factor 


and that ordinary fractionation procedures do not lead to a separation. 
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genolytic factor. A method described by Rest, Haist, and Ridout (10) 
was used with minor modifications. 

The tissues to be analyzed were taken from the living animal under 
pentobart ital anesthesia, or directly after death, and were frozen imme- 
diately. ‘The frozen sample was weighed and then finely minced with 
scissors in 5 volumes of 75 per cent ethanol containing 0.18 N hydrochloric 
aid. After extraction overnight in the cold, the residue was separated by 
centrifugation or passage through gauze, and reextracted for 1 hour with 
95 volumes of acid alcohol. The two extracts were combined, adjusted 
to pH 7.5 with ammonium hydroxide, centrifuged or filtered, and the 
precipitate discarded. The factor (and insulin) was then precipitated by 
the addition of 1.7 volumes of absolute ethanol and 2.8 volumes of ethyl 
ether. After standing overnight in the cold, the precipitate was separated 
by centrifugation and dried tn vacuo. The dried powder was extracted 
with isotonic chloride-phosphate buffer (1 ce. per gm. of original tissue), 
insoluble material was removed by high speed centrifugation, and the clear 
extract dialyzed against chloride-phosphate buffer before testing. 

Adequacy of the method was established by good recovery of known 
amounts of factor which had been added to inactive tissue. That the 
factor was not formed from insulin itself in the course of the isolation 
procedure was shown by addition of insulin preparations free of the factor 
to inactive tissue. 

Routine tests usually comprised two sets of ten slices, each prepared 
from the same piece of liver. Six of these were used for the titration of 
unknown samples. Of the remaining four, two served for the determina- 
tion of the basal glucose output, while two were incubated with an excess of 
elyvcogenolytic factor (0.05 mg. of a stock insulin powder) to determine the 
maximal glucose output. It had previously been estal lished that 0.02 mg. 
of this reference insulin preparation gave maximal stimulation in this 
test system. Although the glucose output of the slices varied from animal 
to animal, added factor never fai'ed to produce stimulation. Frequently 
the glucose out}; uo of the control slices was approximately 7 mg. per gm. 
per hour, while the output in the presence of an active insulin preparation 
was 15mg. pergm. per hour. It has also been shown that there is a graded 
and reproducible response to different concentrations of the factor and this 
makes it possible to use the liver test system for quantitative assay of 
tissue extracts. 

Most of the data are presented in terms of per cent of maximal stimula- 
tion given ly an extract from a stated amount of tissue according to the 
formula 


maximal effect = ——— 1°00 
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where z is the glucose output of the slice incubated with the unknown, ¢ | 
the glucose output of the control slices (mean of two values), and ¢ the 
glucose output of the slices incubated with the reference insulin powder _ 


(mean of two values). | 
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Fic. 1. Glyeogenolytic effect of extracts of normal adult pancress and fetal pan- 
creas on liver slices in per cent of maximal effect obtained by addition of ‘‘insulin.” 
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Fic. 2. Glycogenolytic effect of extracts of gasiric and intestinal mucosa of dogs 
on liver slices in per cent of maximal effect obtained by addition of “insulin.’’ 


Results 


Distribution in Tissues—Assays of pancreatic extracts from the different 
species are shown in Fig. 1. The extract of rabbit pancreas was obtained | 
from eight pooled specimens, the beef extract from six pooled specimens. 
Two dog pancreases were extracted separately; the results given represent 
an average of the results from the two extracts. Fig. 2 shows that con- 
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siderable amounts of the factor are also present in the upper three-fourths 
of the gastric mucosa of the dog. The mucosa was separated from the 
muscular layers before extraction. An extract of about 200 mg. of mucosa 
gave maximal activity in the test system; it was therefore roughly one-half 
as active as pancreatic tissue. Small but detectable amounts were present 
in the duodenum and ileum. Almost none of the factor was found in the 
pyloric portion of the gastric mucosa. An extract of rabbit stomach also 
stimulated glucose output from liver slices. However, extracts of the 
gastric mucosa of other species (hog, beef, sheep) did not cause increased 
glycogenolvsis in liver slices. 

Attempts to demonstrate the factor in external secretions of the pan- 
creas, stomach, or in duodenal juice were unsuccessful. A cannula was 
introduced into the major duct of dogs under pentobarbital anesthesia 
and the pancreatic secretion collected in tubes chilled on ice. As a con- 
trol procedure “‘insulin’’ was added to one of the tubes. An extract cor- 
responding to about 0.4 ee. of pancreatic secretion was tested on. liver 
slices With negative results. The glycogenolytie factor in the added insulin 
was recovered satisfactorily. This was probably due to the fact that the 
pancreatic secretion (as shown by actual determinations) contained large 
amounts of trypsin inhibitor and little, if any, active form of proteolytic 
enzymes. (iastric and duodenal juice was collected 40 minutes after 
feeding 50 gm. of lean meat cooked with 50 ec. of 0.1 Mm Na,HPO,. The 
gastric juice was pil 5 and the duodenal juice pH 7. Portions of each were 
incubated with “insulin” for 40 minutes at 37°. Samples were extracted 
and tested in amounts representing 0.1 to 1.8 ce. of original sample. <A 
glycogenolytic efiect could not be demonstrated in any of the samples. 
Since the added factor was destroyed by both gastric and duodenal juice, 
the negative result is not decisive. 

In several experiments blood was collected from the pancreaticoduodenal 
vein, citrated, and chilled. After centrifugation of the blood the plasma 
was drawn off, lyophilized, and subjected to the usual extraction procedure. 
In other experiments a pancreas, after ligation of other blood vessels, was 
perfused through the pancreaticoduodenal artery with warm Ringer’s 
solution saturated with oxygen. ‘The same fluid was allowed to run several 
times through the pancreas. ‘The perfusates were concentrated ten times 
and the plasma twenty-five times by the extraction procedure. While 
apparently positive tests were obtained in some cases, others were com- 
pletely negative. So far the glycogenolytic factor has not been identified 
with certainty in these materials. It was noted incidentally that the factor 
added to blood was destroved at an appreciable rate. 

The glycogenolytic factor could not be demonstrated in other tissues. 
Those examined with negative results included salivary glands, esophagus, 
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colon, trachea mucosa, gallbladder, liver, kidney, spleen, skeletal muscle, 
heart, lung, brain, blood cells, pituitary, thyroid, adrenal medulla, and 
adrenal cortex. Non-dialyzed extracts of skeletal muscle of several] Species 
contained a substance (probably hexose phosphate) from which reducing 
material was formed during incubation with liver slices. This effect 
disappeared when the extracts were dialyzed before testing. In the case of 
adrenal extracts it was necessary to remove epinephrine by dialysis or by 


TABLE I 

Properties of Glycogenolytic Factor 
The tissue extracts were tested for their glycogenolytic effect on liver slices. The 
results are expressed in per cent of maximal stimulation obtained by addition of 
‘‘insulin’’ to control liver slices. 


— 


Tissue (dog) pevomninene | Additions or treatment — 

me. per cent 

Pancreas 200 =None 93 
100 

200 0.05 mg. insulin 87 

| 200 105 

| 100 | 109 

300 | Incubated, 0.095 mg. chymotrypsin 1] 

+4 | 400 | ? 0.1 N KOH 36°, 3 brs. 70 

ns | 400 | Same + 0.05 mg. insulin 104 
Gastric mucosa | 700 | None 104 
es | 700 | 0.05 mg. insulin 122 

700 Dialysis 104 

| 200 | 98 

500 | Incubated, 0.095 mg. chymotrypsin 19 

| §00 | 0.0)5 13 


900) | 0.1 36°, 3 hrs. 76 


treatment with alkali, because small amounts of epinephrine were found to 
stimulate glycogenolysis in liver slices. 

Comparison of Glycogenolytic Factor in Tissue Extracts and in ** Insulin’ — 
The factor extracted from pancreas or gastric mucosa erases the effect of 
added “insulin,” z.e., when maximal activity was obtained by addition of a 
tissue extract, addition of the reference insulin powder did not cause a 
further increase in glycogenolysis. ‘The tissue factor like the factor in 
“insulin” was non-dialyzable, was readily destroyed by proteolytic enzymes, 
Was resistant to incubation with alkali, and caused hyperglycemia on 
injection into animals. Table I summarizes some examples of such 
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experiments. The per cent maximal effect was the same when glycogen 
disappearance instead of glucose output was measured. 

Distribution in Normal Pancreas-—The splenic portion or tail of the dog 
pancreas is readily separable from the middle portion, which is adherent 
to the duodenum. The middle portion in turn is separable from the head 
of the pancreas, which usually lies free in the mesentery. When these three 
parts were extracted separately and assayed, marked differences in content 
of the factor were found (Fig. 3). The tail contained at least 10 times as 
much activity as the head of the pancreas, while the middle portion con- 
tained intermediate amounts. Histological preparations were made from 
the same parts of the pancreas that were used for extraction; these showed 
that there was much more islet tissue in the tail than in the head. This 
suggested that the factor may originate in islet tissue. 
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Fic. 3. Glycogenolytic effect of extracts of different parts of the normal dog pan- 
creas on liver slices in per cent of maximal effect obtained by addition of ‘‘insulin.” 


Fetal Calf Pancreas-—The fetal calf pancreas contains relatively small 
amounts of digestive enzymes, even during the later fetal stages. Histo- 
logically the ratio of islet tissue to acinar tissue is much higher in the fetus 
than in the adult, and per unit of weight there is much more insulin in the 
fetal pancreas than in the adult pancreas. The pancreases of six fetuses 
approximately 3 months of age were pooled and extracted. As shown in 
Fig. 1 these contained about 6 times as much factor per unit weight as the 
extracts of six pooled adult beef pancreases. Pancreases of fetuses approxi- 
mately 5 and 7 months of age gave similar results. 

Duct Ligation—-The increased amount of factor in the fetal pancreas 
reinforced the idea that it was present mainly in the islet tissue. For 
further evidence, the pancreatic ducts of several dogs were ligated in order 
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to cause degeneration of the acinar tissue. The sclerosed glands were 
removed and extracted 6 to 7 weeks after duct ligation. Grossly the 
glands were small and hard; microscopically the acini had degenerated, 
Such glands contained increased amounts of the glycogenolytic factor per 
unit of weight. Fig. 4 shows the activity of sclerosed pancreas compared 
to the setivity of normal panerere. 

Alloxan-Diabetic Rabbits—In order to test the possibility that the glyco. 
genolytic factor was formed in the 6 cells of the islet tissue, use was made 
of the destructive effect of alloxan on these cells. Rabbits were injected 
intravenously with alloxan; animals considered diabetic had hyperglycemia, 
glycosuria, lipemia, and in the cases measured had very low liver glycogen, 
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Fic. 4. Glycogenolytic effect of extracts of the tail of normal and ligated pancreas 
on liver slices in per cent of maximal effect obtained by addition of ‘‘insulin.” 


Pancreatic extracts prepared from these animals contained the glyco- 
genolytic factor in normal amounts, us may be seen from Fig. 5. That the 
treatment with alloxan had resulted in the destruction of 8 cells is indicated 
by the absence of insulin in the pancreatic extracts (see below). 

Animal Injection Experiments—A number of the extracts were injected 


* It has been found that the method used for the extraction and precipitation of 
the glycogenolytic factor yields an active preparation of trypsin inhibitor. Trypsin 
inhibitor was measured by its ability to inhibit the digestion of azocasein by trypsin 
(11). Following duct ligation the trypsin inhibitor concentration per unit weight fell 
sharply (while the concentration of the glycogenolytic factor rose). The assay of 
trypsin inhibitor therefore confirms the histological data regarding acinar degenera- 
tion. Other observations were that fetal calf pancreas contained less inhibitor than 
the adult pancreas and that the external secretion of the pancreas contained a high 
concentration of inhibitor. Most of the assays of trypsin inhibitor were carried out 
by Mr. Robert Haynes. 
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| jntravenously into rabbits and the changes in blood sugar were followed. 
- his served not only to characterize the material by demonstrating a 
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Fic. 5. Glycogenolytice effect of pancreatic extracts from normal and alloxan- 
diabetic rabbits on liver slices in per cent of maximal effect obtained by addition of 


“insulin.’’ 
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MINUTES 
Fic. 6. Blood sugar changes following intravenous injection of pancreatic extracts 
of normal and alloxan diabetic rabbits into normal rabbits. Curves 1 resulted from 
the injection of an extract representing approximately 0.5 gm. of pancreas; Curves 
2 from 1.5 gm. of pancreas. 


hyperglycemic response, but also gave a rough estimate of the insulin 
content of the extracts. Fig. 6 shows the results obtained from injection of 
extracts prepared from normal rabbit pancreases or from the pancreases 
of alloxan-diabetic rabbits. The extracts from normal animals produced 
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an initial hyperglycemia which was soon followed by hypoglycemia. These | 
curves are typical of those seen when certain commercial insulin prepara. 
tions are injected intravenously. The extracts from the pancreases of 
alloxan-diabetic animals produced a prolonged hyperglycemia which Wag 


BLOOD SUGAR - MGM. PER CENT 

o 


a 
i i l i i ( 
20 40 80 Tere) : 
MINUTES 
Fic. 7. Blood sugar changes following intravenous injection of extracts of dog 
gastric mucosa into normal rabbits. The upper curve corresponds to the injection 
of an extract from 5 gm. of mucosa, the lower curve from 1.0 gm. i 
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Fic. 8. Blood sugar changes following intravenous injection of extracts of the body 7 
and head of normal dog pancreas into rabbits. In both cases, the extract represented ° 
1.0 gm. of pancreas. 
not followed by hypoglycemia. The injection of these extracts illustrates | 8 
the action of the hyperglycemic factor when it is unopposed by the hypo- 

glycemic action of insulin. Extracts of gastric mucosa also caused pro- ( b 
longed hyperglycemia without subsequent hypoglycemia (see Fig. 7). m 

ir 
Fig. 8 shows the blood sugar curves after injection of extracts from the ; 

0 
middle portion (body) and the head of normal dog pancreas. Extracts ‘i 


from the middle portion produced the characteristic initial hyperglycemia fs 
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followed by hypoglycemia, while extracts from the head produced hypo- 
glycemia without initial hyperglycemia. This confirms the results obtained 
in the assay of these extracts on liver slices relative to the distribution of 
the hyperglycemic factor in different parts of the pancreas (see Fig. 3). 


DISCUSSION 


Experiments designed to localize the site of formation of the hyper- 
glycemic-glycogenolytic factor in the pancreas may be summarized as 
follows. The distribution in different parts of the normal dog pancreas, 
the high concentration in the fetal calf pancreas, and the presence of 
increased amounts in the sclerosed pancreas following duct ligation con- 
stitute strong evidence for production of the factor by islet cells. This is 
narrowed down further by the observation that the 8 cells of the islet tissue 
can be destroyed by alloxan without causing a diminution of the factor 
in the pancreas. 

One might therefore conclude that the a cells are the site of formation of 
the glycogenolytic factor. However, the presence of an apparently 
identical factor in the upper two-thirds of the gastric mucosa of the dog 
raises the question of specificity, unless it were shown that the stomach 
mucosa contains cell types related to the a cells of the pancreas.’ Similarly, 
one might be tempted to conclude that the glycogenolytic factor is a new 
hormone of the pancreas, but this seems unwarranted in the absence of a 
clear cut demonstration that it is secreted into the blood stream and 
participates in the regulation of the blood sugar level. 


SUMMARY 


1. A glycogenolytic factor apparently identical with that present in 
commercial insulin preparations was shown to be present in extracts of 
pancreatic tissue from several species. It was also found in considerable 
amounts in the upper three-fourths of the gastric mucosa of the dog but 
not in pyloric mucosa. Small amounts were present in the duodenum and 
ileum. The gastric mucosa of other species (pig, sheep, cattle) contained 
none or only traces of the glycogenolytic factor. ‘The method of extraction 
and purification was similar to that used for insulin. Quantitative assays 
were based on the property of the factor to increase glycogenolysis in liver 
slices. 

‘Tehver (12) reported that certain argentophil cells, which occur in small num- 
bers throughout the gastrointestinal tract, are particularly numerous in the fundus 
mucosa of the dog, while the pyloric mucosa is relatively free of them. Other species 
including pig, sheep, and cattle show few of these cells in the gastric mucosa. More- 
over, several investigators (13, 14) have concluded that certain pancreatic cells which 
stain with silver are identical with the a-cells. The distribution of the glycogenolytic 
factor is apparently closely related to the distribution of these argentophil cells. 
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2. It has not been possible to demonstrate this factor in any other tissue 
or in the external secretions of the digestive tract. 

3. The glycogenolytic factor was unequally distributed in different parts 
of the dog pancreas and followed roughly the distribution of islet tissue. 
The tail (or splenic portion) contained the highest concentration, while the 
head contained very little. This was shown by assay of extracts on liver 
slices and by injection into intact animals. 

4. The factor was present in large amounts in the fetal calf pancreas, 
The sclerosed pancreatic tissue following duct ligation contained apn 
increased amount per unit weight. 

5. Roughly normal amounts of the glycogenolytic factor were found jp 
the pancreas of alloxan-diabetic rabbits. Extracts from such pancreases 
produced prolonged hyperglycemia without subsequent hypoglycemia 
when injected intravenously into normal rabbits. 

6. The experiments suggest that the glvcogenolytic factor of the pancreas 
originates in the a cells of the islet tissue. 


The authors are deeply indebted to Dr. C. F. Cori for his helptul advice 
and criticism throughout this work. ‘The technical assistance of Miss 
Dolores Barta is gratefully acknowledged. 
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THE COMBINATION OF INSULIN WITH THIOCYANATE IONS 


By ELLIOT VOLKIN* 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, May 7, 1918) 


Measurements of the electraphoretic mobilities of insulin reported by 
Hall (1, 2) are limited to regions higher than pH 7 and lower than pH 4.5, 
since the protein is practically insoluble in common buffer solutions of the 
intermediate pli range. While it has been possible to determine the elec- 
trophoretic mobility of adsorbed insulin and of suspensions of insulin 
crystals in the isoelectric range by the microscopic method (3), strict com- 
parson of mobility data obtained under these two different experimental 
conditions is not always permissible (4). Both sets of data, however, 
indicate that the isoelectric point of insulin hes within the range of pH 4.9 
to 0.9. 

Attempts have been made in the present study to increase the solubility 
of insulin in its isoelectric region sufficiently to afford determinations of the 
electrophoretic mobility in this range by the moving boundary method. 
Of various ions of the lyotropie series that have been tested, thiocyanate 
was found to exert a marked peptizing effect. The lower pH limit of solu- 
bility just suficient for mobility measurements was approximately pH 5, 
the solubility increasing with increasing pH. In the presence of thiocy- 
anate, insulin remained insoluble, however, at all pH regions below 5, 
including those in which it is soluble in the absence of this ion, t.e. pH 2. 

The electrophoretic data reported in this paper, together with the ob- 
served effect of thiocyanate on the solubility of insulin, suggest an inter- 
action of this‘anion with certain basie groups of the protein. Considerable 
evidence has already been given for the binding by proteins of fatty acid 
anions (o-8), anionic detergents (9-13), and even anions of common buffer 
salts (14-16). Although some of these combinations may occur with the 
non-polar residue of the anion (17-18), all of them will be reflected by meas- 
urable changes in electrophoretic mobilities. 


EXPERIMENTAL 


Electrophoretic measurements were carried out at 1° with the Tiselius 
electrophoresis apparatus equipped with the Thoevert-Philpot-Svensson 
optical system (19). Only the mobilities of the descending boundaries were 

* Present address, Division of Biology, Clinton National Laboratories, Oak Ridge, 


Tennessee. 
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considered in this work. The time intervals between the initial and fing) 
photographs were generally 3 hours, and the potential gradients were with. 
in the range of 1.9 to 2.0 volts per cm. 

The crystalline zine insulin used in this work was obtained through the 


courtesy of the Lilly Research Laboratories, Eli Lilly and Company, 


Indianapolis. 


One series of measurements was carried out in buffer solutions containing 


0.15 m NaCNS, the other in buffer solutions containing 0.15 m Na, 
Citrate, phosphate, and veronal buffers were emploved. ‘The citrate buf. 
fers were prepared by dissolving calculated quantities of citric acid and the 
desired amounts of NaCNS or NaCl, respectively, in 95 per cent of the 
final volume of solution. ‘This was titrated with NaOH to the desired pH 
with the aid of a Beckman pH meter, and then diluted with water to the 
final volume. The phosphate buffers were prepared by dissolving NaH;P0, 
and NaeHPO, in the desired ratio, together with NaCNS or NaCl respec. 
tively, in water and diluting to volume. In a like manner, the veronal 
buffers were prepared from diethylbarbituric acid and its sodium salt. The 
pli values of all buffer solutions were checked with the Beckman pH meter 
after their preparation. 

The total ionie strength of all buffer solutions containing either 0.15 x 
NaCNS or 0.15 Mm NaCl was 0.18 + 0.01. 

The crystalline zine insulin was dissolved in 20 ce. of buffer solution and 
allowed to dialyze against 500 ec. of buffer for 24 hours at 4°. The final 
protein concentration never exceeded 0.2 per cent. Because of the low 
protein concentration and high ionic strengths, the 6 and € boundaries re- 
sulting from electrophoresis were kept at a minimum. 


Results and Interpretation 


Homogeneity of Crystalline Zine Insulin in Buffer Solutions—-A_ photo- 
graph of a typical electrophoretic experiment is shown in Fig. 1. A single, 
practically symmetrical, boundary is evident, indicating a high degree of 
homogeneity. The 6 boundary is negligible. These characteristics have 
heen found in all experiments, regardless of pH and buffer composition. 

Electrophoretic Mobility in Presence of Thiocyanate—Fig. 2 represents 4 
plot of the electrophoretic mobility of insulin in buffers containing NaCl or 
NaCNs versus pH. Because of the limited solubility of the protein in 
buffer containing 0.15 Mm NaCl, measurements had to be confined to regions 
above pH 6.8 and below pH 4.2. In buffers containing 0.15 Mm NaCNs. 
the protein is soluble at pH 5.2 and higher but remains insoluble at all pH 
values lower than 5, including pH 2 at which pH it is readily soluble in 
buffers of the NaCl series. 

It is evident from comparison of the two curves that, at equivalent pli 
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final | yalues, the anodic mobilities of the protein in the presence of 0.15 M NaCNS 
with. | are markedly increased over those observed in the presence of 0.15 m NaCl. 
the 
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aC], | 
buf. 
1 the 
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pH 
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»PO | Fic. 1. Descending boundary of crystalline zine insulin in phosphate buffer con- 
' taining 0.15 m NaCNS, after 3 hours migration. The total ionie strength was 0.18, 
oul the pH was 6.62, and the protein concentration was approximately 0.1 percent. The 
onal sharp peak at the left is the starting boundary. 
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* Fie. 2. A plot of the mobilities versus pH of insulin in buffers containing 0.15 m 
3 NaCNS (©) and in buffers containing 0.15 m NaCl (0). The curves connecting the 
, points were drawn by visual inspection. The region in which the protein is insoluble 
H | Inthe buffer solution containing NaCl is indicated by the broken line. 
In 
In the pH region 5.2 to 5.8, the region in which insulin has been estimated 
Hl to be isoelectric (1-3, 20), the protein, in the presence of 0.15 m NaCNS, 


still retains an anodic mobility of 3.0 to 3.5 units. 
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It seems apparent that the interaction between the insulin and thio. 
cyanate causes an increase in the net negative charge of the protein, with 
the result that under the conditions of these experiments the protein re. 
mains negatively charged at all pH values at which it is soluble. 

' Estimation of Extent of Binding of Thiocyanate—An attempt has beep 
made to correlate the pH-mobility curve of insulin in the presence of thio- 


Lys (8) 
+Tyr (30) 
+1/2 Cys(2) 


10 
8 | 
6 
4 | 
2 | 
| 
Equiv OH / Mole (45,000-M ) 


Fie. 3. Comnarison of the theoretical titration curve of insulin caleulated from 
analytical data (22) with the mobility data of insulin in buffer solutions eontaining 


0.15 Mm NaCl and 0.15 M NaCNs. The large curve running diagonal!yv across the 
graph is the theoretical titration curve, calculated by summation of the titration 
curves of the individual ionizable amino acids (shown at the left). © represents 


the mobilities of the insulin in buffers containing 0.15 mM NaC] adjusted to the titration 
curve with an empirical factor; O, the mobilities of the insulin in 0.15 m NaCNS, 
adjusted with the same enipirical factor. 


cyanate to the titration curve of the protein, and to estimate thereby the 
extent of binding of thiocyanate ions. Although titration data are avail- 
able (cf. (21)), the insolubility of insulin in the isoelectric region, pH 4 to 
7, precludes the use of these data for the present purpose. The analytical 
data by Brand (22), however, can be employed to caleulate a theoretical 
titration curve for insulin. Using the data for the number of ionizable 
amino acid residues in the insilin molecule of molecular weight 45,000 and 
the mean estimated pk values for the ionizable groups as they occur in 
protein, given by Cohn and Edsall (21), one can construct a theoretical 
titration curve such as that given in Fig. 3. This curve has been con- 
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\ 
| structed with the considerations that (a) at the start of the titration the 


protein has already bound its capacity of acid, and (b) the titration with 
base proceeds until the maximum base binding has been reached. At the 
left of Fig. 3, the titration curves for the individual ionizable amino acids 
in insulin are shown, including 9 arginine, 8 lysine, 30 tyrosine, 2 cysteine, 
15 histidine, 245 aspartic, 5 glutamic, 21 terminal a-amino, and 21 terminal 
a-carboxy! residues per molecule. It has been assumed that the 21 residues 
of cystine in the insulin molecule yield no free ionizable groups. The large 
titration curve in the center of Fig. 3 is a plot of the total base bound, 
obtained by summation of the base bound by the individual amino acids, 
at various pII values, over small increments of pH. Comparison of this 
theoretical titration curve with the experimental titration curve (21) re- 
veals the two to be superimposable from pH 2 to 12, exclusive of the re- 
gion pH 4 to 7 for which no titration data are available. 

The usual empirical procedure for comparing titration curves with pH- 
mobility curves consists in shifting the titration curve along the pH axis 
to the point at which O equivalent of acid or base bound coincides with 
isoelectric point (4,23). Since electrophoretic mobilities near the isoelectric 
point could not be determined, recourse was had to an empirical conversion 
factor, Which may be defined as the change in base equ:valents bound corre- 
sponding to unit change in mobility (1 X sq. em. sec.-! volt). This 
conversion factor was determined by selecting two adjacent, experimentally 
determined mobility values for reference. The difference in equivalents 
of base bound at the two pH values corresponding to the reference mobil- 
ities was divided by the difference in mobility units, and other points on the 
titration curve were compared to the mobility curve with this factor by the 
following relations: Let uy, Ue, Us, ete., be the mobilities at pH, pHe, pHs, 
ete.; €), €2, €3, ele., are the corresponding equivalents of base bound. The 
conversion factor, F, is then F = (e; — e:)/(u, — ue). The complete titra- 
tion curve may then be calculated from this factor and the experimentally 
determined mobilities. Tor instance, e3 = (uy — KX F + In the 
present instance, the mobilities at pH 6.92 and 7.38 in 0.15 m NaCl and the 
corresponding equivalents of base bound were used as reference for the cal- 
culation of FP. The equivalents of base bound, calculated from the mobil- 
ities of insulin in the presence of 0.15 Mm NaCl at pH 8.42, 3.70, and 3.18 
(63, €4, 5), are indicated on the titration curve of Fig. 3, together with the 
two reference points (e; and e» at, respectively, pH 6.92 and 7.38) by the 


‘The value of F calculated from the present experimental data is 5.15. Calcula- 
tion with the aid of the Henry theory (4, 23), the corrections subsequently introduced 
by Abramson et al. (4) for the ‘‘average’’ radius of the ions in the ion atmosphere 
being omitted, yields a value of e/u = 2.53. The magnitude of the discrepancy be- 
tween these two values is comparable to that previously found by Longsworth (23) for 
analogous calculations for egg albumin. 
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squares. It can be seen that the calculated points fit exceedingly wel] oy 
the theoretical titration curve. 

The same factor was used for the calculation of equivalents of base bound 
from mobilities determined in the presence of 0.15 mM NaCNS. In this 
manner the change in base equivalents bound corresponding to the differ. 


ence in mobility of insulin in the presence of 0.15 M NaCNS and 0.15 y 
NaCl, respectively, was determined. It can be seen that the points ob. 


tained for insulin in the presence of 0.15 mM NaCNS are displaced in the | 


direction of greater base binding. 

From the titration curves of the individual amino acid residues it can be 
determined that at pH 5.8 the number of positively and negatively charged 
groups is equal. This pH, at which the net charge is zero, may be con- 
sidered as the isoionic point. At the same pH, the equivalents of base 
bound by insulin in the presence of NaCNS exceed by 9 or 10 equivalents 
the amount of base bound by insulin in the presence of 0.15 Mm NaCl. 

One may speculate that the binding of thiocyanate ions takes place 
through an electrostatic linkage with the strongly basic guanidino groups 
of the 9 arginine residues or with the e-amino groups of the 8 lysine residues 
in the insulin molecule. This is suggested by the convergence of the mobil- 
ity curves above pH 8 and by the effect of thiocyanate on the solubility of 
insulin in the acid pH region. It is of interest to note that the number of 
anionic detergent molecules bound by serum albumin in the first complex 
(11, 12) likewise coincides with the number of arginine residues in this pro- 
tein. More direct evidence than that presented here must be forthcoming 
to prove this hypothesis. 


The author wishes to record his appreciation to Dr. Hans Neurath and 
Dr. George W. Schwert for their helpful advice throughout this study. 
This work has been supported by grants from the Rockefeller Foundation, 
from Eli Lilly and Company, and from the United States Public Health 
Service, National Institute of Health, Division of Research Grants and 
Fellowships. 


SUMMARY 


The electrophoretic mobility of crystalline zinc insulin in buffers con- 
taining 0.15 mM NaCNS and 0.15 m NaCl, respectively, has been investigated. 

In the presence of thiocyanate, the solubility of insulin is sufficiently 
increased to afford mobility measurements with the moving boundary 
method within the isoelectric range. The increased electrophoretic mobil- 
ity over that observed in the presence of NaCl corresponds to an increase 
in net negative change, suggesting association of thiocyanate with basic 
groups of the protein. 
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Comparison of mobility data with a theoretical titration curve of insulin 


calculated from summation of the base-binding capacities of the constituent 
amino acid residues reveals that at the isoionic point of the protein a net 
negative charge of approximately 9 or 10 is retained in buffers containing 
0.15 mM NaCNs. 
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THE SYNTHESIS OF AMINO ANALOGUES OF INOSITOL 
(INOSAMINES)* 


By HERBERT E. CARTER, R. K. CLARK, Jr., BETTY LYTLE, anp 
G. E. McCASLAND] 
‘From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, May 17, 1948) 


[In the course of work on the structure and configuration of streptamine 
‘meso-1 .3-diamino-2 ,4,5,6-tetrahydroxycyclohexane) it seemed of interest 
tO investigate the properties of the corresponding monoamino compounds 
2.3,4,5,6-pentalhydroxyeyclohexylamines). We wish to propose the 
generic name ~nosamine for these amino analogues of inositol, since they 
are related to the inososes in the same way that glucamine is related to 
glucose. 

As one approach to the synthesis of inosamines, we have investigated 
the reduction of the phenylhydrazone (1, 2) and the oxime (2) of scyllo- 
inosose and the phenylhydrazone (3) of dl-epi-inosose. Each of these 
substances was hydrogenated readily at high pressures with Raney’s 
nickel as the catalyst, and the main product in each case consisted of an 
inosamine. 

The inosamines can exist theoretically in eight meso and twelve dl forms. 
However, the configuration of the five hydroxyl groups in each of the above 
inosose derivatives is fixed and known. ‘Thus, unless unexpected C—O 
bond inversions oecur during the hydrogenation, scyllo-inosose phenylhy- 
drazone (1) or oxime (II) should give rise to not more than two inosamines 
Vil, 1V), each of which should have a meso configuration; and dl-ep- 
inosose phenyvihydrazone (V) should vield a maximum of two racemic 
forms (VI, VII). 

Experimentally, the inosamine from scyllo-inosose was obtained in two 
epimeric forms, each of which has been isolated in a pure state. Since 
the configuration of each epimer remains uncertain at the C—N bond, we 
have temporarily adopted the purely arbitrary names! inosamine-SA and 

*The authors wish to thank the Abbott Laboratories, Eli Lilly and Company, 
Parke, Davis and Company, and The Upjohn Company for a generous grant in sup- 
port of this work. Part of the material in this paper was taken from the thesis sub- 
mitted by R. WK. Clark, Jr., to the Graduate College of the University of Illinois in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
Chemistry. 

t Present address, Davenport, Iowa. 

t Postdoctorate Research Assistant in Chemistry. 

‘The use of such names as ‘‘scy/lo-inosamine’”’ or ‘‘epi-inosamine”’ is undesirable 


683 


|| 


684 INOSAMINES 


inosamine-SB for these compounds. Of the two possible dl-inosamines 


from dl-epi-inosose, only one has thus far been obtained, and it is designated 
dl-inosamine-EA. 


NH, 


(1) seyllo-Inosose phenylhydrazone (III) (meso) 
/ 
| 


4 S=NOH 4 


(II) seyllo-Inosose oxime (IV) (meso) 
| 
(VJ) (di) 
7 
S==NNHC,H, 
\— H.(Ni) 


(V) dl-epi-Inosose phenylhydrazone 


(VID (dd 


The fact that both the oxime and phenylhydrazone of scyllo-inosose give 
the same two inosamines on reduction indicates that no isomerization 
occurs in the preparation of the oxime despite the highly alkaline condi- 
tions employed (2). 


Separation of Epimertc Inosamines 


The hydrogenation product of scyl/o-inosose phenylhyvdrazone or oxime 
is a mixture of inosamine-SA and inosamine-SB. Repeated recrystalliza- 
tion of this mixture from water yields pure inosamine-SA. This compound, 


because only one of each pair of epimers has the ‘‘scyllo’’ or ‘‘epr’’ configuration, 
respectively, and itis not known which one. (See the comments on nomenclature in 
our previous paper (2).) 
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like the other inosamines, cannot be characterized by melting point, but 
its purity can be recognized by the attainment of constant solubility on 
repeated recrystallization. 

In order to obtain inosamine-SB, the mixed epimers were converted to 
the mixed hexaacetyl derivatives. ‘Thelatter were very difficult to separate. 
However, methanolic ammonia readily converts the hexaacetylinosamines 
to N-acetvlinosamines. Very fortunately, while inosamine-SB is more 
soluble in water, its N-acetyl derivative is less soluble in ammoniacal or 
aqueous methanol, with respect to inosamine-SA. The reversal of solu- 
bilities affords a convenient basis for obtaining either epimer in a pure 
state. 

The stereochemistry of the inosamines is being studied further. 


EXPERIMENTAL 
Compounds Derived from scyllo-Inosose 


Inosamine-SA from Phenylhydrazone—A 36 gm. portion of scyllo-inosose 
phenylhydrazone (1, 2) was hydrogenated in methanol at 100 to 150 
atmospheres and 130° with Raney’s nickel catalyst. The hydrogen uptake 
reached the theoretical in a few hours. ‘The mixture was filtered. The 
methanolic filtrate on vacuum distillation gave aniline but no inosamine. 
The precipitate was repeatedly extracted with boiling water (total 600 to 
700 ml.) until only catalyst remained. Vacuum distillation of the extract 
vielded 10.1 gm. of solid residue. Recrystallization from boiling water 
(norit) gave colorless crystals. Reecrystullization was repeated until the 
water solubility reached a constant value of about 0.7 gm. at 25° and 5.0 
gm. at 100° per 100 ml. of solvent. 4.1 gm. of pure inosamine-SA_ were 
thus obtained. The compound crystallizes as colorless prisms which 
decompose’? gradually above 240°. The crystals give an alkaline solution 
in water and are very soluble in dilute hydrochloric acid. 

The mother liquors were reserved for preparation of N-acetylinosamine- 
SB. The early mother liquors which are saturated with respect to 
Inosamine-SB as well as SA (maximum enrichment in inosamine-SB) are 
particularly suitable for this purpose. 

Attempts to reduce seyllo-inosose phenylhydrazone to inosamine by the 
method used by Feofilaktov (4) for phenylhwdrazones of a-keto acids 
proved unsuccessful. 

Tnosamine-SA from the A 25 gm. portion of freshly prepared, 
dry scyllo-IMOsOse oxime (2) was dissolved in 150 ml. of concentrated 
aqueous ammonia,® and immediately hydrogenated at 100 to 150 atmos- 

? All melting points were determined on the Kofler micro block. 

> Aqueous ammonia was used to repress secondary amine formation. In anearlier 
hydrogenation, with distilled water as solvent, a small amount of secondary amine 
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pheres and room temperature with Raney’s nickel catalyst. The uptake 
of hydrogen was complete in about 2 hours. 

After filtration, the precipitate was extracted with 800 to 1200 ml. of 
boiling water. The combined filtrates on vacuum distillation to dryness 
(foaming near the end; use a large flask) yielded 19.3 gm. of solid residue, 

Recrystallization of this residue from water gave 6.3 gm. of nearly 
colorless crystals. These were recrystallized from a minimum amount 
(120 ml.) of water (norit), yielding 4.5 gm. of colorless prisms of pure 
inosamine-SA. 

The mother jiqnor from the first recrysta)lization was treated with 
norit and concentrated to 60 to GO mf. On cooling, 3.7 gm. of a fight tan 
powder (mixture of inosamine-SA and SB) were obtained. The filtrate 
from this material on evaporation gave a tarry substance, which has not 
been further Llivestigated. 

In an earlier experiment, 6.0 gm. of oxime were hydrogenated in 150 
ml. of solvent, and extraction of the catalyst with boiling water was omitted. 
The crude mixed inosamines obtained weighed 3.9 gm., and gave the fol- 
lowing analysis. 

CeHi30,N (179.17). Calculated. N 7.82 
Found, 7.39 (Kjeldahl), 7.82 (Van Slyke) 

Mixture of Heraacetylinosamine-SA and Sbh— Direct ecetylation of 1 
gm. of crude mixed inosamines (from the phenylhydrazone) with acetie 
anhydride-sodium acetate gave after recrystallization 1.1 gm. of colorless 
needles, with a melting range of 235-247°, unchanged by repeated re- 
erystallizations. 


3.25 


(Kjeldahl) 


Saponification equivalent (O-Acetyl). Calculated, 86.3; found, 86.0, 86.6 


Similar acetylation of 2.1 gm. of crude mixed inosamines from the oxime 
gave 2.7 gm. of colorless needles of melting range 238-252 °, unchanged by 
repeated crystallizations from ethanol or dilute acetic acid. 


(431.39). Calculated. 50 5 S4. N 


Hexaacelylinosamine-SA—A mixture of 1.4 gm. of pure inosamine-Sa, 
28 ml. of acetic anhydride, and 0.2 gm. of fused sodium acetate was re- 


wasformed. Treatment of the latter with excess acetic anhydride gave a compound, 
colorless needles, m.p. 285°, which is apparently the (not quite pure) undecaacetyl 
derivative. C3sH4,O2N (803.71), calculated, C 50.80, H 5.64, N 1.74; found, C 49.53, 
H 5.68, N 1.2 (Dumas), N 1.78 (Kjeldahl). 
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fluxed for 1 hour, and then vacuum-distilled to dryness. The residue was 
washed repeatedly with water and dried at 100° in vacuo over phosphorus 
pentoxide. ‘The colorless needles (3.4 gm.) obtained melted sharply at 
959-260°; after resolidification the sample melted at 256-260°. 

A 1 gm. sample was recrystallized from 50 ml. of absolute ethanol. 
After drying the crystals as above, 0.8 gm. of colorless needles, m.p. 260— 
961°, was obtained. (At 245-247° the substance undergoes a change in 
erystal form, without appreciable liquefaction.) 

Reacetylation of purified N-acetylinosamine-SA, by the above procedure, 
gave a product with identica) properties, further indicating the homogeneity 
of the hexaacety! derivative. 

N-Acetylinosamine-SA—O.5 gm. of pure hexaacetylinosamine-SA was 
added to 20 ml. of absolute methanolic ammonia (saturated at 25°). A 
clear solution was obtained after 2 minutes stirring. After 24 hours, the 
solution was decanted from the crystals (125 mg.) which had separated, 
and vacuum-distilled to dryness. The combined solid residues were 
washed with methanol, leaving 215 mg. of colorless irregular crystals 
which melted with decomposition at 242-218° (rapid heating). 

A sample recrystallized from SO per cent methanol melted with decom- 
position at 216-248" (rapid heating). 

CyH,,OgN (221.21). Calculated. C 43.43, H 6.84, N 6.33 
Found. 43.33, 6.79, ** 6.42 


Inosamine-SA  Hydrochloride—Pure hexaacetylinosamine-SA (3.0 gm.) 
was refluxed with 40 ml. of 6 ~ hydrochloric acid for 2 hours. The clear 
solution was vacuum-distilled to dryness. The residue (1.5 gm.) was 
recrystallized from 20 ml. of water-ethanol-acetone (1:2:1), giving 1.3 
gm. of the monohydrate as colorless needles melting at 235-237° (change 
in erystal form at 192°). The monohydrate is stable when vacuum-dried 
at 80°. 


C,11,,NO,C1-H,0 (233.66). Caleulated. C 30.83, H 6.90, N 6.00 


~ 


N-Acetylinosamine-Sh—A 6.0 gm. portion of mixed epimeric inosamines 
from the phenylhydrazone (maximum enrichment in inosamine-SB) was 
acetylated by the above procedure. ‘The crude, dry hexaacetyl derivative 
(9.0 gm.) was dissolved in 200 ml. of absolute methanolic ammonia. 
After 24 hours the colorless leaflets which had separated were collected 
and washed with methanol. ‘The crystals (2.2 gm.) were pure N-acetyl- 
inosamine-SB, melting at 289-291° with decomposition. 

The filtrate yielded 2.4 gm. of a discolored powder, mainly the SA 
epimer, which decomposed at about 210°. 

A similar mixture of epimeric inosamines from the oxime (3.7 gm.) on 
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acetylation yielded 8.1 gm. of crude hexaacetyl derivative. A 1.7 gm, 
portion of the hexaacety! derivative was treated with 70 ml. of absolute 
methanolic ammonia. ‘The reaction product (0.70 gm.) was recrystallized 
from aqueous methanol, giving 0.44 gm. of colorless leaflets, melting sharply 
with decomposition at 286-288 .. 
Attempts to obtain further pure product (inosamine-SA or SB) from the 
mother liquors were unsuccessful. 
CsHi;06N (221.21)2 Caleulated. C 43.44, H 6.84, N 6.33 
Found. ‘43.36, 6.46, 6.43 
43.28 6.55 


The product is very soluble in water, insoluble in methanol, and slightly 
soluble in aqueous or ammoniacal methanol. 

Hexaacetylinosamine-SB—A 200 mg. portion of pure N-acetylinosamine- 
SB was refluxed with 4.0 ml. of acetic anhydride and 10 mg. of fused 
sodium acetate for 1 hour. On cooling, colorless blades (223 mg.) erystal- 
lized from the solution. These were collected, washed with water, and 
dried at 100° tn vacuo. 

On heating, the clear, colorless blades became opaque at about 200°, 
and smaller needles gradually replaced them, apparently by sublimation. 
At 284° the needles changed to more massive crystals, and at 299-301° 
these melted completely. ‘This complex melting behavior, perhaps repre- 
senting changes to dimorphic forms, was quite reproducible and un- 
changed by further purification. 

CisH2;0;;N (431.39). Calculated. C 50.11, H 5.84, N 3.25 
Found. 


Inosamine-SB Hydrochloride—A 1.2 gm. portion of pure N-acetylinos- 
amine-SB was refluxed with 20 ml. of 6 N hydrochloric acid for 2.5 hours. 
The residue (1.2 gm.) obtained on vacuum distillation was recrystallized 
from 30 ml. of water-ethanol-acetone (1:1:1), giving 0.8 gin. of colorless, 
irregular crystals, which decomposed gradually above 260°. 


C,.HisNO-;Cl (215.64). Calculated, N 6.49; found, N 6.27 


Compounds Derived from dl-epi-Inosose 


dl-epi-Inosose pi-Inosose Was prepared by the oxida- 
tion of inositol with concentrated nitric acid essentially according to the 
directions of Posternak (3). In larger scale oxidations, it is essential that 
the residual nitric acid be removed rapidly, either by evaporation in 4 
shallow dish or by use of reduced pressure. Although the inosose can be 
crystallized from water, a more effective purification is obtained via the 
phenylhydrazone. ‘Three 80 gm. runs of inositol gave 54 gm. of crude 
oxidation product which yielded 56 gm. of dl-ep7z-inosose phenylhydrazone 
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(3), decomposition range 185-195°.* This material was converted to 
dl-epi-inosose. The purified inosose was finally recrystallized from hot 
water, giving 23.5 gm. (10 per cent based on inositol) of colorless crystals. 
The pentaacetate prepared from this material melted at 106—108° in 
agreement with the reported value for this compound (3). 
dl-Inosamine-EA—A 10 gm. portion of dl-epi-inosose phenylhydrazone 
was hydrogenated under the same conditions used for the scyllo-phenylhy- 
drazone. ‘The hydrogen uptake reached theoretical in 3 hours. After 
removal of the catalyst by filtration, the methanolic filtrate was vacuum- 
distilled. The residue of inosamine and aniline was washed with benzene, 
giving a granular solid. This material could not be recrystallized and 
was converted directly to the hexaacetyl derivative. 
dl-Hexaacetylinosamine-EA—The above product was refluxed with 140 
ml. of acetic anhydride and 1.8 gm. of fused sodium acetate for 1 hour. 
The clear red solution was vacuum-distilled to dryness. The residue was 
extracted with chloroform, and the evaporated chloroform extract was 
recrystallized from 75 ml. of ethanol, giving 7.0 gm. of colorless flat needles 
(44 per cent yield based on the phenylhydrazone). ‘The crystals melted 
on the micro block at 160—-162°, partially resolidified, and melted again at 
184-186°, then again at 192-194°. (In the capillary only the last melting 
point is observed.) Very little, if any, loss in weight accompanies these 
changes, and the various melting points may represent polymorphic forms. 


CysHy,OuN (431.39). Calculated. C 50.11, H 5.84, N 3.24 
Found. ‘49.84 5.47, 3.38 (Dumas) 
‘© 3.34 (Kjeldahl) 


Reacetylation of purified dl-N-acetylinosamine-EA gave a hexaacety] 
derivative of unchanged melting behavior. 

dl-N-Acetylinosamine-EA—Ammonolysis by the procedure described 
above, followed by concentration and chilling of the methanolic solution, 
gave a 64 per cent yield of thick colorless needles, melting sharply at 205- 
206° with decomposition. A sample recrystallized from methanol-benzene 
for analysis showed no change in melting point. 


CsHsO6N (221.21). Calculated. C 43.44, H 6.84, N 6.33 
Found. “ 43.44 6.72,“ 6.21 


dl-Inosamine-EA Hydrochloride—1 gm. of the hexaacetyl derivative 
was refluxed with 25 ml. of 6 N hydrochlorie acid for 30 minutes. The 


‘From the mother liquors an osazone (decomposition point 182-184°) was isolated 
by chromatography as previously described (2) for the scylle compound. The osa- 
zone gave correct analyses and an ultraviolet absorption spectrum very similar to 
that of the scyllo compound. (dl-epi-Inosose could theoretically vield two different 
racemic osazones. ) 
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residue after vacuum distillation was dissolved in boiling methanol, and 
the filtered solution concentrated to one-tenth volume. (The product 
can also be recrystallized from 90 per cent aqueous methanol by adding 
acetone.) The product (0.4 gm., 80 per cent) separated as colorless crystals 
melting at 234-236° with decomposition. 
C,H,,O;NCI (215.64). Caleulated. C 33.41, H 6.54, N 6.49 
Found. 33.54, 6.20, ** 6.49 


The authors wish to acknowledge the assistance of Miss Harriet Neville 
and Dr. Robert Pogrund in the Van Slyke and Kjeldahl analyses. The 
remaining analyses were performed by the Clark Microanalytical Labora- 
tories, Urbana. 


SUMMARY 


1. Three diastereoisomeric inosamines (monoamino analogues of inositol) 
have been synthesized and characterized as hexaacetyl and N-acetyl 
derivatives and as hydrochlorides. 

2. Reduction of scyllo-inosose phenylhydrazone or oxime yields the 
expected two (meso) inosamines, epimeric at the amino group. Each 
epimer can be obtained in a pure state by taking advantage of the reversed 
solubilities of the free inosamines and their N-acetyl derivatives. 

3. dl-epi-Inosose phenylhydrazone has thus far yielded only one of the 
two expected epimeric (d/) inosamines. 
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THE METABOLISM OF AMERICIUM IN THE RAT* 


By KENNEIH G. SCOTT, D. HAROLD COPP, DOROTHY J. AXELROD, 
AND JOSEPH G. HAMILTON 
(From the Divisions of Radiology, Physiology, Medicine, Medical Physics. 
and the Crocker Radiation Laboratory, University of 
California, San Francisco and Berkeley) 


PLATES 1 AND 2 
(Received for publication, April 29, 1948) 


The announcement of the discovery of element 95 was made in 1946 by 
Seaborg and his associates (1). Like neptunium (element 93), plutonium 
(element 94), and curium (element 96) this new element, americium, is 
radioactive and has not been observed in nature in appreciable amounts. 
During the war an extensive study was made of the metabolic properties 
of plutonium (2) and several other heavy elements, notably thorium, 
protoactinium (3), uranium,’ ? and neptunium (3). Similar studies were 
also made with a large number of the radioactive elements which arise 
from fission (4). This work was done at the laboratories of the Manhattan 
Project, located in different parts of the country. Particular attention was 
directed towards a very detailed investigation of the metabolism of plu- 
tonium in rats and other laboratory animals. These studies, initiated at 
tle University of California at Berkeley, were also carried out at the Uni- 
versity of ( hieago, Oak Ridge, and Los Alamos. 

The outstanding characteristic of the metabolism of plutonium is the 
high Cegree of localization and prolonged retention of this element in the 
skeleton following parenteral administration. Unlike calcium, strontium, 
barium, and radium, which are deposited primarily in the mineral structure 
of the skeleton, plutonium may be laid down in the unealcified osteo d 
matrix of the bone (5). At the present time, it cannot be definitely stated 
whether or not all of the plutonium so accumulated is in the organic com- 
ponents of the osteoid matrix. <A significant fraction of plutonium may 
be laid down on the adjacent surfaces of the mineral structure of the bone. 
If this is so, the amount of penetration in the normal adult rat has been 
demonstrated by the radioautographic techniques to be less than 25 uz. 
The accumulation of plutonium in the other tissues of the body following 
parenteral administration is quite small compared to the deposition in the 

* This work was performed under contract No. W-7405-eng-48-A of the University 
of California under the United States Atomie Energy Commission. 

'Tannenbaum, A., Silverstone, H., and Ko-zoil, J., unpublished data. 

* Dowdy, A. H., unpublished data. 
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skeleton, and, moreover, its elimination from the soft tissues is relatively 
rapid compared to its extraordinary high degree of retention by the skele- 
ton. Plutonium is not absorbed to any appreciable extent from the diges- 
tive tract. In view of these interesting and obviously dangerous metabolic 
characteristics of plutonium it was felt that a study of the behavior in the 
body of its recently discovered and immediate chemical neighbor, ameri- 
cium, might prove to be of interest. 


Procedures 


The isotope of americium employed, Am*"’, has a half lite of 500 vears 
and emits a-particles to form Np*’ which in turn decays by a-particle 
emission, with a half life of 2.25 million years, to produce Pa’**. The 
presence of Np* was of no practical concern in the experiments to be 
described, since its half life is more than 4000 times longer than that of the 
americium isotope employed, and thus the existence of the neptunium and 
its radioactive descendents was not detectable by the procedures employed 
in these studies. 

Americium, made available to us by Professor G. T. Seaborg and his 
associates, was obtained as a solution of AmCl, with 15 y of americium in 
1 ec. of 1 N hydrochloric acid. This original solution was diluted with 
normal saline and carefully brought to pH 5 by the addition of dilute 
sodium hydroxide. Any further neutralization would have resulted in the 
precipitation of the highly insoluble americium hydroxide. ‘The final 
solution contained 0.3 y of americium per cc., with a radioactivity of 1 
microcurie per cc. 

Animal Studies—-1 ec. of the above solution was administered by in- 
tramuscular injection into the left hind leg of each of fifteen adult white 
rats and the same amount was given by stomach tube to three more ani- 
mals. In addition, two rats received 5 y each, by intramuscular injection, 
for the purpose of preparing radioautographs to study the distribution 
of this element in bone. The fifteen animals that received the 0.3 7 by 
intramuscular injection were divided into groups of three and were placed in 
metabolism cages, which made it possible to collect specimens of both the 
urine and feces daily. The five groups of rats were sacrificed at 1, 4, 16, 
64, and 256 days. The three rats which were given americium by stomach 
tube were placed in one metabolism cage and daily collections of urine and 
feces were made. ‘The rats were sacrificed after an interval of 16 days by 
means of chloroform and the thorax was immediately opened to permit the 
withdrawal of from 1 to 5 ec. of blood from the heart. The left leg, which 
was the site of the injection, was removed at the pelvic girdle for separate 
assay. ‘The remainder of the animal was skinned, and the following organs 
and tissues were removed and weighed for separate assay: liver, kidney, 
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spleen, heart, lungs, muscle, bones of the right leg, and the gastrointestinal 
tract. These tissues, and in addition the left hind leg, excreta, skin, and 
remaining carcass, were dried for 2 days at 100° and then ashed at from 
500-600° for 24 hours. Preliminary tests demonstrated that no measur- 
able amount of the americizu™m was lost by volatilization at the temperature 
employed for ashing the tissues. The carcass, which was dried and ashed 
in one piece, Was carefully sifted through a fine mesh screen, and the skele- 
ton Was thus separated almost completely from the ash of the other re- 
maining tissues of the carcass, which were chiefly muscle, blood, and fat. 
The rats for radioautographic study of the bone were sacrificed at 16 days. 

Method of Assay of Americtum in Materials of Biological Origin——The 
detection and quantitative measurement of a-particles are relatively simple 
with appropriate equipment. However, owing to the very short range 
of this type of radiation, it is not possible in most instances simply to 
place samples of biological materials in the counting device and obtain 
an accurate determination of the number of disintegrations taking place. 
The sample must be spread out in a thin and even film whose mass does not 
exceed 2 to 3 mg. per sq.em. If this precaution 1s not observed, a fraction 
of the emitted a-particles will not be able to enter the detection chamber. 
Most of the tissues and organs, even after ashing, contain far too much 
material to make this possible. This problem may be met by separating 
the radioactive material, in this case americium, from the bulk of the ash 
of the samples. Since the total dose of americium given was only 0.3 y, 
it was necessary to add to the samples a small amount of a non-radioactive 
element with similar chemical properties to act as a carrier for the tiny 
traces of americium present. The chemical properties of lanthanum and 
americium are very much alike in many respects. In these particular 
experiments, the ashed tissues were dissolved in dilute nitric acid, 2 mg. of 
lanthanum nitrate were added, and this was followed by the addition of 
hydrofluoric acid. ‘The americium was carried down quantitatively by the 
insoluble lanthanum fluoride precipitate. Thus, the americium could be 
quantitatively separated from several gm. of tissue. The lanthanum 
fluoride precipitate was then spread out in a thin film on the counting 
dishes and the americium a-particles measured. 

The specific details of this procedure are as follows: (1) The tissue 
ash was dissolved in 2 N HNO with a concentration of 20 mg. of tissue 
ash per ce. of acid solution. (2) 2 mg. of La(NO3); were stirred into the 
ash solution used for any particular assay;? this ranged from 1 to 5 ce. 

* Because of the presence of a-emitting contaminants in some of the c.p. La(NQO,)s; 
available, the latter must be checked for @ emitters by running blanks on each 


batch received. The radioactive contamination present is believed to be actinium, 
whose chemical properties resemble closely those of lanthanum as well as americium. 
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of ash solution. (3) The solution in step (2) was made 2.5 N in hydroflu- 
orice acid by the addition of an adequate amount of8mM HF. (4) The pre- 
cipitate formed was separated by centrifugation and the supernatant fluid 
was discarded. (5) The precipitate was mounted on a gold dish by redis- 
solving it in 8 M HNOs, transferring the solution to the dish, and adding 
an excess of HF to reprecipitate the lanthanum, which resulted in a thin 
film upon drying on a hot-plate at a temperature low enough to prevent 
spattermg. (6) The sample was assayed for americium by determining 
the a-particles emitted by the use of a parallel plate a counter. (7) The 
mass upon the dish was determined by weighing. <A correction for self- 
absorption was made. 

Radioautographic Methods—Ffor the purpose of securing bone radioauto- 
graphs, thin histological sections, which ranged from 5 to 8 w in thickness, 
were prepared from the undecalcified femur by the techniques cevel- 
oped by McLean and Bloom (6) and by Axelrod (7). The relatively 
large dose of americium employed was necessary in order to secure enough 
activity in the sections to obtain satisfactory radioautographs. It is 
believed to be obligatory to avoid decalcification procedures in the prep- 
aration of the section for taking the radioautographs so that the possi- 
bility of either leaching or migration of the deposited material will be 
avoided. 


Results 


The results obtained from assaying the content of americium in the 
different organs and tissues are expressed as the per cent per organ and per 
gm.-of wet weight. The left hind leg, which was the site of injection, 
was assayed asaunit. ‘The carcass ash, after separation of the skeleton by 
the sifting procedure mentioned earlier, was assayed as well as the skeleton 
itself. The urine and feces from each group of three animals were lixewise 
ashed and assayed and the values obtained divided by 3, which thus gave 
the average value of excreta for each of the three animals. ‘The total 
content of americium in all of these organs, tissues, and excreta was ob- 
tained by adding up the individual values and this was compared against 
the amount given. ‘This computation, of course, is a quantitative indica- 
tion of the recovery of the administered americium and represents the 
fraction of americium given which could be determined quantitatively by 
the analytical procedures employed in these studies. The results were 
fairly satisfactory, because the average recovery value observed in the 
series of eighteen rats was 87 per cent and the variations in the different 
groups ranged from 75 to 100 per cent. 

The average measured content of americium in different organs, tissues, 
and the excreta for the intramuscular experiments is shown in Table I. 
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The amount in the skeleton was obtained by adding twice the measured 
americium content of the bones of the right hind leg to the value secured 
from the assay of the major portion of the skeleton that was separated from 
the carcass ash. This was done in order to correct for the americium con- 
tent of the bone of the injected left hind leg, which was not included in the 
rest of the skeleton. The necessity for doing this arose from the fact that 
from 2 to 40 per cent of the injected americium was retained at the site of 
administration. Presumably this was due to the precipitation and adsorp- 


TABLE I 


Observed Distribution of Amertcium (Am) Following Intramuscular Injection of 
0.3 y of Solution of AmCl; into Hind Leg of Rat 


1 day | 4 days 16 days | 64 days 256 days 
per vent. per cent Der cent) | per cent) Per cent 
|perem.| | per em.| gm.| be gm.| | ber em. 

Lungs 0.13 0.096 0.18 | 0.11 | 0.14 | 0.093) 0.11 | 0.036) 0.065) 0.017 
Heart 0.11) 0.12 | 0.045 0.056) 0.083, 0.088) 0.049) 0.044) 0.012) 0.010 
Liver 30.8 | 3.41 | 31.0 | 3.68 [10.6 | 1.13 | 1.46 | 0.13 | 0.53 | 0.063 
Spleen 0.28, 0.39 | 0.083) 0.18 | 0.079) 0.11 | 0.085) 0.13 | 0.045! 0.081 
Kidney | 2.49, 1.29 | 1.97 | 1.13 | 1.02 | 0.52 | 0.72 | 0.34 | 0.27 | 0.13 
Gastrointesti- 1.54. 0.068} 4.06 | 0.19 | 1.56 | 0.075) 0.32 | 0.012) 0.12 | 0.005 

nal tract | | | 
Bone 13.1 | 0.57 | 16.6 | 0.57 | 0.88 |18.9 | 0.73 [19.2 | 0.73 
Skin 1.84] 0.056) 1.46 | 0.039) 1.47 | 0.037) 0.33 | 0.008) 0.17 | 0.005 
Muscle 0.83, 0.006} 1.60 | 0.014] 2.06 | 0.018) 1.53 | 0.012) 0.94 | 0.008 
Blood 0.57) 0.053; 0.12 | 0.098) 0.10 | 0.007) 0.068) 0.004; 0.01 | 0.001 
Balance | 3.68) 2.5 1.61 1.59 1.13 
Unabsorbed in 43.5 12.9 5.37 1.45 

injected leg | | 
Urine | 3.12 2.0 2.34 | 4.27 4.67 
Feces 2.66 27.3 a2.1 40.6 51.6 
Recovery of 103.2 | 100.9 7 80.6 79.3 

injected | | | | | | 

dose, | | | | 


tion of insoluble compounds of americium at the injection site. It is of 
interest to note that most of the americium remaining behind in the injected 
leg was found to be in the soft tissue, although the content in the bones of 
that leg was of the order of twice that of the opposite injected leg. It 
was not determined whether this was the result of diffusion of the injected 
solution to the bone surfaces followed by adsorption or whether it occurred 
during the ashing procedure. ‘The relatively small excess of americium in 
the carcass ash over the estimated value derived from the measured samples 
of blood and muscle may be due to the presence of small fragments of 
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carcass skeleton which passed through the screen employed for sifting out 
the bones. ‘The estimated americium content of muscle and blood was 
made on the basis of the values per gm. noted for these two structures and 
assuming that their total weights in the intact animal were 45 and 6 per 
cent respectively of the total body weight. In Table II the data are 
presented after correction for the unabsorbed fraction in the injected leg 
and for the deviation of the measured recovery value from 100 per cent. 
The rate of excretion of americium is shown in Text-fig. 1 for both urine and 
feces. The relative proportion of americium appearing in the liver and 


II 
Distribution of Amertcium (Am*!) in Rat Following Intramuscular Injection 


The data, taken from Table I, have been corrected for the fraction of americium 
unabsorbed at the site of injection and the deviation of the recovery values from 


100 per cent. 


i day 4 days | 16 days | 64 days 256 days 

per cent. per cent per cenit | per cent cent | 

Lungs 0.23 | 0.17 | 0.21 | 0.13 | 0.21 | 0.13 | 0.15 | 0.048) 0.084) 0.022 
Heart | 0.21 | 0.052 0.065) 0.12 0.13 | 0.065 0.058 0.015) 0.013 
Liver 54.8 | 6.07 [35.7 | 4.24 |15.3 | 1.64] 1.94; 0.18! 0.68] 0.081 
Spleen 0.50 | 0.70 | 0.095 | 0.21 | 0.11 | 0.15 | 0.11 | 0.17 | 0.058) 0.11 
Kidney | 4.43 | 2.29 | 2.27 | 1.30 | 1.47 | 0.75 | 0.96 | 0.44 | 0.34] 0.16 
Gastrointes- | 2.73 | 0.12 | 4.66 | 0.22] 2.25 0.11 | 0.43 | 0.016 0.15 | 0.003 

tinal tract | | | | | 

Bone 23.2 | 1.01 /19.1 | 0.66 |25.6 | 1.25 |25.0 | 0.96 | 24.8 | 0.94 
Skin 3.26 | 0.10 | 1.68 | 0.045) 2.12 | 0.053) 0.44 | 0.011 0.22 | 0.006 
Muscle 1.46 | 0.010) 1.84 | 0.017} 2.97 | 0.025) 2.03 0.016 1.21 | 0.010 
Blood 1.01 0.095) 0.14 | 0.009) 0.16 | 0.010) 0.090 0.005 <0.01 | <0.001 
Urine 5.53 | 3.21 3.38 | 5.66 6.02. 
Feces 4.73 | 46.4 63.2 66.4 


feces is graphically indicated in Text-fig. 2 and the change of total 
americium content in the liver and skeleton appears in Text-fig. 3. 

The observed and the corrected data for the intramuscular series, shown 
in Tables I and II, present an interesting finding, namely the high degree 
of accumulation in the liver and bone. In the case of the liver, most of 
the accumulated americium is removed at a fairly rapid rate, probably by 
way of the bile, since the quantity of americium in the feces parallels that 
lost by the liver; this reciprocal relationship is indicated in Text-fig. 2. 
After most of the americium is eliminated from the liver, it can be seen in 
Text-fig. 1 that the excretion is very slow but that the digestive tract still 
acts as the principal channel of elimination. During the entire period of 
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these experiments, including the 256 day interval, there was no significant 
decrease in the amount of americium in the skeleton. A comparison of the 
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Text-Fic. 1. Fecal and urinary elimination of americium in rats 


uptake and retention of americium by the liver and bone is given in Text- 
fg. 3. The only other soft tissues that show significant accumulation are 
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the spleen and kidneys, whose initial content on a per gm. basis at the earlier 
time intervals is considerably lower than that of the liver. The fraction of 


i DRY 4 DRY i6 DRY 640AY 256 DAY 
EXPERIMENT 


TeExT-Fiac, 2. Deposition of americium in the feces an! liver of rats 


americium absorbed from the digestive tract following oral administration 
was observed to be less than 0.01 per cent of the 0.3 y dose given. 
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Text-Fic. 3. Deposition of americium in the bone and liver of the rat 


Radioautographs were made of thin undecalcified sections of the femur 
to show the actual distribution of the americium in bone. An example is 
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shown in Fig. 1. It will be noted that the americium appears to be heavily 
deposited about the trabeculae in the region below the epiphysis and at the 
endosteal and periosteal surfaces of the shaft, and is rather spottily dis. 
tributed throughout the cortical bone of the shaft. A higher magnifica. 
tion of the cortical bone (lig. 2) shows that the spotty intracortical amerj- 
cium corresponds in general location to the small blood vessels of the cortex. 
Unfortunately, the resolution in the radioautographs 1s not sufficient to 
determine whether this material is in the blood vessel walls or in the sur. 
rounding mineral structure of the bone. Further technical progress jp 
radioautography is necessary betore this problem can be settled. 


DISCUSSION 


In studies comparable to the series of experiments described here, it 
has been shown with certain of the fission products in the carrier-free state, 
as well as with several members of the heaviest elements (4), that the high 
degree of accumulation and prolonged retention by the skeleton is a phe- 
nomenon common to a number of elements. ‘This characteristic of a high 
degree of accumulation and retention by the skeleton has been demon- 
strated with the following fission products: yttrium, lanthanum, cerium, 
praseodymium, element 61, zirconium, columbium, strontium, and barium 
(4). ‘The heaviest elements that also are deposited in the skeleton include 
thorium, protoactinium, uranium, neptunium, and plutonium (2-4),!* 
Incomplete data indicate that the same behavior is characteristic of curijum 
(4).4 Strontium has been observed to be distributed primarily in the 
mineral structure of the bone (5), and it is presumed that the same his- 
tological pattern of deposition in bone takes place with barium. Radioau- 
tographic studies of bone have been made with yttrium, cerium, element 
61,4 zirconium, strontium, thorium, and plutonium (4, 5). With the ex- 
ception of strontium, and presumably barium, all of these elements tend 
to be laid down in the vicinity of the periosteum and endosteum. Heavy 
deposits occur in the trabecular region, and it is believed that the accumu- 
lated radioelements may be largely laid down on the surfaces of the trabec- 
ulae. It has already been shown, in the case of americium, that in addition 
to this site of localization there is apparently some accumulation about the 
small blood vessels of the cortical bone. ‘This interesting characteristic 
has been thus far noted only with cerium and elen ent 61. These two 
rare earth elements show the same very high degree o. 'ocalization in the 
liver that has been demonstrated with americium. It is v~edictable that 
this radioautographic pattern of the bone, which is character. ic for these 
three elements, should be observed with lanthanum and praseocymuium. 


‘Scott, K. G., Hamilton, J. G., and Axelrod, D. J., unpublished data. 
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These two rare earths also demonstrate a similiar high level of accumulation 
by the liver. However, their half lives are too short to permit the prepara- 
tion of satisfactory bone radioautographs. 

The remaining elements subjected to both tracer and radiowutographic 
studies, notably yttrium, zirconium, thorium, and plutonium, exhibit a 
relatively small uptake by the liver and do not show any significant 
amount of deposition in the region of the small blood vessels of the corti- 
cal bone. The correlation between the high liver uptake and deposition 
of material about the small blood vessels of cortical bone is a curious phe- 
nomenon for which no obvious explanation is available. It 1s of interest to 
note that the removal of lanthanum, cerium, praseodymium, and element 
61 from the liver proceeds at almost the same rate that has been observed 
with americium. 

It would appear that in the case of americium, as well as with lanthanum, 
cerium, praseodymium, and element 61, there is a competition between 
the liver and the skeleton for an accumulation of these elements. More- 
over, it is unlikely that any significant fraction of the very constant level 
of americium in the skeleton is due to transfer to this element from the 
liver to the bone. Evidence that may be cited tor this deduction ts based 
on the fact that by the 64th and 256th days there is no appreciable loss from 
the skeleton, although by 64 davs the americium content of the liver has 
fallen to a relatively low value. It would be of interest to explore this 
hypothesis further by performing tracer studies with americium upon 
hepatectomized animals. With the liver removed, one might expect from 
60 to SO per cent of the americium absorbed trom the injection site to be 
deposited in the skeleton, as is the case tor zirconium, yttrium, thorium, 
neptunium, and plutonium. The reasonableness of this concept is the fact 
that these elements of somewhat similar metabolic properties, except for 
their limited deposition in the liver, show an accumulation by the skeleton 
of the order of 65 to 70 per cent. The possibility that americium and the 
other substances for which the liver shows such a high affinity are entrapped 
by the reticulo-endothelial system appears highly unlikely, since the con- 
centration per gm. in the spleen in the earlier phases of these experiments 
is roughly one-fiftieth of the concentration in the liver. 

The practical aspects, with respect to the dangers that might be en- 
countered by those who may work with americium, are tairly obvious. 
Since it is not absorbed to any significant degree from the digestive tract, 
the hazard from ingesting this material by mouth is relatively small. The 
property of selective localization and prolonged retention in bone makes it 
& highly dangerous agent should it gain entry into the body through cuts, 
abrasions, ete. In the light of work with other elements showing a close 
metabolic similarity, it seems probable that soluble compounds of this 
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element will be absorbed through the alveoli of the lungs.® On the basis 
of experience with plutonium and mixtures of the fission products, it js 
likely that if any soluble compound of this element should gain entry 
into the lungs by inhalation from 10 to 30 per cent might be absorbed 
into the blood stream and roughly a fifth of this amount could eventually 
tind its way to the skeleton, where it has already been demonstrated 
there is an extraordinarily high degree of retention. 


SUMMARY 


An investigation of the metabolism of americium in the rat has been 
conducted, following its administration by intramuscular injection and by 
stomach tube. No appreciable absorption took place from the digestive 
tract. Within 24 hours after parenteral administration, 55 per cent of 
the total amount of americium absorbed from the site of injection was 
deposited in the liver and 20 per cent accumulated by the skeleton. Ex- 
cretion occurred primarily by way of the digestive tract and most of the 
americium eliminated appeared to come from the liver. There was no 
significant change in the content of americium in the skeleton throughout 
the interval of the experiment. The distribution of americium in bone was 
studied by the radioautographic technique with thin, undecalcified sections 
of the femur. Americium was heavily deposited in the region of trabecular 
bone below the epiphysis, at the endosteal and periosteal surfaces of the 
shaft, and throughout the cortical bone in the region of small blood vessels 


We are indebted to Edith Steinhauff for technical assistance. 
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EXPLANATION OF PLATES 


PLATE 1 
Fic. 1. Undeealeitied section (upper) of rat femur and corresponding radioauto- 
graph (lower) showing the deposition of americium in bone. This element is heavily 
deposited in the region of the trabeculae just below the epiphysis, the endosteal and 
periosteal surfaces of the shaft, and spottily throughout the cortex. X 7. 


PLATS 2 
Fic. 2. Higher magnification of bone section and radioautograph shown in Fig. 1. 
This demonstrates the deposition of americium in the region of the blood vessels in 
the cortical bone. 232 
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THE DEPOSITION OF URANIUM IN BONE* 
I. ANIMAL STUDIES 


By W. F. NEUMAN, M. W. NEUMAN, anno B. J. MULRYAN 
(From the Division of Pharmacology and Toxicology, Department of Radiation 
siologu, School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 
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(Received for publication, May 3, 1948) 


Studies of the distribution of uranium in animal tissues (1, 2) have 
shown that a large proportion of the injected dose accumulates initially in 
the bone and kidney. 40 days after injection, however, bone is the only 
tissue which has retained significant quantities of the metal (2). Because 
of the importance of bone as a storage site for uranium, more specific in- 
formation has been obtained concerning the factors which influence the 
deposition of uranium in bone in the animal. 

One of the problems presented by the previous work concerned the dif- 
ferences in the skeletal distribution of uranium which occurred between 
the sexes. The bones of male rats consistently accumulated greater quan- 
tities of uranium than those of females. All of these rats weighed 200 
gem. At this weight, the male rats averaged 9 weeks in age, the females 
16 weeks. Were these differences related to age or sex? 

Recent studies with radioactive phosphorus (3) have emphasized the im- 
portance of the relative vascularity of bone in determining the rate and, 
as a result, the amount of deposition of minerals in bone. ‘This suggested 
that the differences observed in young male and adult female rats resulted 
from variation in the relative vascularity of the skeleton with age. To test 
this hypothesis, normal male and female rats of various ages and rats in a 
state of severe rickets were injected with uranium and their bones analyzed. 
An analysis of the content of uranium in different types of bone structures 
as represented by skull, vertebra, and long bone was also made. Epi- 
physis, metaphysis, and diaphysis from rabbits, and periosteum from a dog 
were examined for purposes of comparison. <A study of the uptake of 
radiophosphate in different parts of the skeleton supplemented the experi- 
ments with uranium. 

EXPERIMENTAL 


Methods 
Rats from a colony of Wistar strain animals were maintained on a fox 


chow diet unless otherwise indicated. After a 3 to 5 day observation 


* "This paper is based on work performed under contract No. W-7401-eng-49 for the 
Atomic Energy Project at The University of Rochester. 
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period, they were injected intraperitoneally with 2.5 mg. of uranium per 
kilo as a 0.1 per cent aqueous solution of either uranyl nitrate or acetate. 
This is a toxic and sometimes lethal dose. ‘The rats were sacrificed by de- 
capitation 48 hours after injection. By this time, the distribution of ura- 
nium throughout the animal has reached a fairly steady state (2). The 
bones to be analyzed were removed, freed of flesh, ashed in a muffle furnace, 
and analyzed by the fluorophotometric method (4). 

Analyses of the skull included the jaw and teeth. All femora and humer;j 
of each animal were combined for analysis. Three vertebrae were taken 
from the lumbar region. In one case, the epiphyses, metaphyses, and shafts 
of the long bones of two 6 week-old chinchilla rabbits were separated and 
analyzed. 
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AGE IN WEEKS 
Fig. 1. Kffect of age on the deposition of uranium in the femora and humeri of the 
rat. The curve represents a total of 56 animals, each point being an average of from 
seven toeleven rats. O is the average value for the long bones of each of two rachitic 


rats. 


A similar routine was followed in the investigation of the distribution of 
radioactive phosphorus. Rats 2 and 15 weeks old were injected intraper- 
itoneally with a saline solution of P® as Na,HPO,, 0.1 mg., 1 microcurie 
per kilo. After an equilibrating period of 24 hours, the rats were killed, the 
bones removed, ashed in a muffle furnace, dissolved in HCl, and the 
radioactivity measurements made in the conventional manner (5). 


Results 


Concentration of Uranium in Bones at Various Ages—The effect of the age 
of the rat on the deposition of uranium in bone is clearly demonstrated in 
Fig. 1. On the basis of ash weight, the young rat (2.5 weeks of age) evi- 
denced a deposition of uranium in the femora and humeri nearly 6 times 
that which occurred in the adult rat (15 weeks of age). No sex differences 
were observed over the range of ages studied, including animals before, 
during, and after sexual maturation. 
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The results obtained from two 11 week-old rats, which had been main- 
tained for 2 months on a rachitogenic diet,’ are also recorded in Fig. 1. 
These animals were in a state of severe rickets. The ash content of their 
bones was 11 and 15 per cent, respectively, as compared to a value of 40 
per cent normally found at this age. The concentration of uranium ob- 
served Was excessively high if compared with that of normal animals of the 
same age. 

Concentration of Uranium in Bones of Different Structural Types—-The 
relative activity of the skull, vertebra, and combined femur and humerus 
in accumulating injected uranium and radiophosphate is shown in Table I. 
In all cases, vertebra fixed greater quantities of uranium than did skull. 
Long bone was intermediate, but, in general, gave results comparable to 


TABLE | 


Relative Distribution of Uranium and P** in Different Bones 


Skull Femur and humerus Vertebra 


No. of rats Uranium No. of rats Uranium No. of rats Uranium 
wks. > per gm. ash > per gm. ash y per gm. ash 
2.5 26.0 15 q H4.0 
La 4 9.9 } 10.4 3 15.7 
p32° }>22* 
2 ae 12 51.0 12 
15 5 Q.9 5 10.7 5 14.2 


* To facilitate a comparison with the uranium values the counts per minute per 
gm. of ash were divided by an appropriate factor. 
vertebra in young rats and to skull in adult rats. The differences between 
the bones were smaller in the adult rats. 

The uptake of P® by the three skeletal components followed « pattern 
strikingly similar to that seen with uranium. 

Material for a Comparison of the deposition of uranium in the epiphysis, 
metaphysis, and shaft of rapidly growing femur was obtained from two 
young rabbits also given 2.5 mg. of uranium per kilo intraperitoneally. 

Analyses of the pooled samples gave the tollowing content of uranium, 
In micrograms per gm. of ash: metaphysis 2.3, epiphysis 1.8, shaft 1.6. 

In this case, the metaphysis accumulated greater quantities per gm. of 
ash than did the rest of the bone. It is also interesting that smaller quan- 
tities of uranium were found in the bones of rabbits than of rats of a corre- 
sponding age. 


‘A modified Steenbock diet, Diet 2, obtained from General Biochemicals, Inc., 
Chagrin Falls, Ohio. 
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Periosteum was obtained from the ribs and long bones of a dog which 
had received thirteen injections of 0.3 mg. of uranium per kilo (as 
UOs.(NQOs3)2) over a period of 6 weeks and a final dose of 5 mg. of uranium 
per kilo. The dog was sacrificed 9 days after the final injection. For 
comparison, samples of bone and muscle were taken from each of the areas 
from which periosteum was obtained. Bone and muscle specimens were 
pooled separately; periosteum from tibia and femur was kept separate from 
the periosteum taken from rib. The analytical results are presented in 
Table I1. 

The amount of uranium found in muscle is comparable to values reported 
for such tissues from normal untreated rats (2). The values for periosteum, 
while significantly higher than for muscle, were low in comparison to those 
of the adjacent bone. Calcified bone is apparently the principal site of 
deposition, not periosteum. 


TABLE II 


Comparison of Uranium Content of Bone, Periosieum, and Muscle from Dog 
after Repeated Uranium Injections 


Tissue Uranium content 


per em. wet weight 


Sone 

Periosteum (rib) 0.42 
tibia and temur 41 

\Iuscle () 04 


DISCUSSION 


The age ot the rat proved to be an important factor in determining the 
extent of uranium deposition in bone. ‘The young, more rapidly growing 
animals, irrespective of sex, showed a greater fixation of injected uranium. 
A comparison of different parts of the femur also showed a direct correlation 
between growth activity and uranium fixation. 

There seems reason to doubt, however, that the deposition of uranium 
is directly related to the calcification process per se. Rather, it appears 
more likely that some tactor closely associated with bone growth, vascu- 
larity perhaps, is responsible. For example, in the rachitic animals, large 
amounts of uranium were found in bones where no net accretion of mineral 
was taking place. Radiophosphate, the fixation of which has been estab- 
lished to be principally an exchange process not directly associated with 
growth (3, 6), showed the same relative distribution as did uranium. 
Finally, it has been shown (2) that uranium is cleared from the blood within 
45 minutes after injection. During this time, the amount of new caleifi- 
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cation is so small that, to account for uranium deposition as part of the 
calcification process, nearly every mole of hydroxylapatite laid down must 
bind a uranylion. At the concentrations of uranium in the plasma during 
this period, such a phenomenon seems improbable. 

It has been reported (7) that uranium is deposited principally in the 
periosteum and endosteum. Direct analyses of periosteum did not confirm 


this view. 
SUMMARY 


The deposition of injected uranium in bone was found to be directly re- 
lated to growth activity. Young rats, irrespective of sex, showed a greater 
concentration of uranium in bone than did older animals. 
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THE DEPOSITION OF URANIUM IN BONE* 
Il. RADIOAUTOGRAPHIC STUDIES 


By M. W. NEUMAN anpb W. F. NEUMAN 
rom fie of Pharmacology and Voxicology, Department of Radiation 
Biologu, School of Medicine and Dentistry, The (University of Rochester 
Rochester, New York) 
PLATES 3 AND 4 


(Received for publication, May 3, 1948) 


Uranium is deposited in skeletal tissue (1, 2) in concentrations which 
correspond well with growth activity (3). 

A more precise localization of the metal has been made possible by a 
simultaneous radioautographie and microscopic study of ground sections of 
bones containing U*, an @ emitter of long half life. The results of this 
study confirmed the correlation between growth activity and uranium up- 
take. Further, little redistribution from the initial site of deposition was 
observed over a period of 40 days. ‘These data are in good agreement with 
the results of an earher radioautographic study (1). 


EXPERIMENTAL 
Methods 


Four male, Wistar strain rats, weighing approximately LOU gm., were in- 
jected intraperitoneally with toxic doses of uranyl acetate (1.5 to 3.0 mg. 
of uranium per kilo) containing 1.5 microcuries of U**. The animals were 
sacrificed 4, 48, and 120 hours and 40 days after injection. Bone samples 
were removed and fixed in chlorotorm-methanol (1:1). Radioactivity 
measurements showed that this fixative did not dissolve uranium. Roughly 
ground sections of the fixed bone were glued to corks and ground again on 
amarble stone to a thickness of 0.125 to 0.5 mm. The cork-mounted bone 
sections were then fixed firmly with rubber bands to Eastman a@-ray plates 
for an exposure period of 4 weeks. 


Results 


Representative autographs with their corresponding bone sections are 
presented in Figs. 1 to 5. 

In confirmation of earlier reports (2), no uranium was found in soft tissue 
4 hours after administration. The epiphyseal cartilage of femur (Fig. 3) 
and the pulp cavity and periodontal membrane of the mandible (Fig. 2) 

* This paper is based on work performed under contract No. W-7401-eng-49 for the 
Atomic Energy Project at The University of Rochester 
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were essentially free of activity. In all sections examined, uranium was 
found only in the calcified portion and here only on surfaces readily avail- 
able to the circulation; 7.e., the surfaces of trabeculae in cancellous bone 
(Fig. 1), on the inner and outer surfaces of femur shaft, and around large 
blood vessels and Haversian canals within the compact bone (best seen in 
Fig. 4). 

The most striking concentrations of activity occurred in areas where 
active calcification was taking place. In the vertebra (cross-section, Fig. 
1), which increases in thickness by accretion of bone on its external surfaces, 
it may be seen that the darkest areas in the autographs occurred at the 
outer circumference and the external surfaces of the trabeculae. Also cor- 
responding with the direction of growth (4), the greatest concentrations of 
activity in the mandible (Fig. 2) were found on the crests and distal surfaces 
of the alveoh. The high activity on the pulp surface of the dentin coincided 
with the surface on which continuous deposition of mineral occurs. In long 
bone, calcification oecurs in the metaphysis. under the periosteum, and 
under the articular cartilage of the epiphysis. Again, as shown in Figs. 3, 
4, and 5, the greatest concentrations of uranium were found in these areas. 

\ comparison of the three femurs in Figs. 3, 4, and 5 shows that, once 
deposited, uranium was virtually fixed. Little redistribution occurred as 
the growth of bone continued. The increasing width of the space between 
epiphysis and metaphysis which occurred in the autographs with increasing 
time after injection reflects the relative displacement of the bone which was 
deposited at the time of injection. It is interesting that some of the meta- 
physeal bone containing uranium remained unabsorbed after 40 days, al- 
though bone which had been laid down subsequently had already been 
resorbed. This unresorbed metaphysis is not readily apparent in the 
photomicrograph, but was easily observed on microscopic inspection. 
When the 40 day autograph was superimposed on its femur section, it was 
observed that, at the proximal end of the shaft, bone had been deposited 
externally to the periosteal line of uranium deposition but had failed to re- 
sorb at the marrow surtace. This accounts for the excessive thickness 


of thas Wallis in this aren. 


DISCUSSION 


that the uncalcitied tissues of these specimens comtamed no 
activity is inagreement with a previous distribution study (2) which showed 
that as early as 2.5 hours after injection all soft tissues except kidney were 
practically uranium-free. Hamilton (5) suggests that uranium is deposited 
in the soft tissue covering the bone surface rather than in the mineral itself. 
These observations do not confirm his view. The periodontal membrane 
‘Vig. 2). a modified periosteal tissue, contained little or no aetivity. The 
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periosteal line of uranium deposition in the 40 day femur was embedded 
in the middle of the shaft by subsequent accretion of bone. If the activity 
had been in the periosteum, it would have remained on the outer surface 
as growth continued. Further, the amount of uranium found in periosteal 
tissue by direct chemical analysis was low relative to that in the adjacent 
bone (3). 

The concentration of uranium on mineral surfaces adjacent to the circu- 
lation and in areas of calcification is in keeping with the results of previous 
work (2) which showed a correlation between the relative circulation and 
growth activity of the bones and their ability to fix uranium in vivo. It 
has been suggested, however, that uranium is not precipitated along with 
the apatite crystals but rather exchanges with some ion or ions on the 
available, preformed crystal surfaces (3). 

It is interesting that the presence of uranyl ions has been shown (6, 7) 
to decrease the solubility of tooth enamel. Reduced solubility of uranium- 
impregnated bone may explain the failure of the resorption processes in the 
metaphysis and in the shaft at the marrow surface in uranium-injected rats. 


SUMMARY 


Radioautographs of bone containing U*** showed this element to be de- 
posited only in the mineral portions and to be particularly concentrated on 
surfaces adjacent to the circulation and in areas of calcification. Once 
fixed, little redistribution of uranium occurred. As the normal growth and 
calcification processes continued, new bone accumulated over the lines of 
deposition and the resorption of bone to some extent was inhibited, probably 
because of the insolubility of uranium-impregnated bone salt. 


The authors are pleased to acknowledge the able assistanee of Mr. 
Robert Hay in preparing the photographs. 
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EXPLANATION OF PLATES 
PLATE 3 
Fics. 1 anp 1, A. Photomicrograph and radioautograph of vertebra ( ross -sec. 
tion of a lumbar vertebra removed 2 days after the injection of U25*. 
Pics. 2 aNp 2, A. Photomicrograph and radioautograph of mandibular molars 
Sagittal section of mandible including third to first molars (left to right), taken 4 


hours after the injection of U? higs. lL and 2 have had equivalent magnification, 
PLATE 4 
Fics. 3 anp 3, 1. Photomicrograph and radioautograph of femur. Longitudinal 


section of distal end of femur taken 4 hours after the injection of U2". 

4 anp 4, 4. Photomicrograph and radioautograph of femur. Longitudinal 
section of femur taken 5 days after injection 

higs. 5 anp 5, A. Photomicrograph and radioautograph of femur. Longitudinal] 
section of femur taken 40 days after injection. All femur sections have had equiv- 


alent magnification. 
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THE DEPOSITION OF URANIUM IN BONE* 
(11. THE EFFECT OF DIET 


By W. F. NEUMAN, M. W. NEUMAN, EDNA R. MAIN, ann B. J. MULRYAN 


(From the Division of Pharmacology and Toxicology, Department ef Radiation 
Biology, School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 


(Received for publication, May 38, 1948) 


Studies of the distribution and excretion of injected uranium (1-3) 
have demonstrated that a considerable proportion of the element is de- 
posited in the skeleton. Mobilization of this fixed uranium was found to 
be a slow process (2). This was confirmed by radioautographie studies (4) 
which demonstrated that, once deposited, very little redistribution of the 
uranium took place. 

Since variations in diet have been shown (5) to exert a profound effect 
in plumbism, it seemed possible that the mobilization of skeletal uranium, 


too, might be enhanced by proper choice of diet. In support of this view 


was the finding that alkali administration reduced the quantity of uranium 
deposited in the kidney (2). 

In these experiments, rats, given several injections of uranyl nitrate, 
were divided into groups and placed on different experimental diets for a 
period of 50 days. A rachitogenic diet was found to increase the rate of 
removal of skeletal uranium. Acidie and alkaline diets did not significantly 


alter the normal, slow mobilization process. 


EXPERIMENTAL 
Methods 

Five female, albino, Wistar strain rats about 3 weeks of age, taken from 
each of fifteen litters, were divided among five groups. ‘Thus, each group 
comprised fifteen rats weighing trom 45 to 65 gm., with a corresponding 
litter mate in each of the other four groups. 

After a 4 day observation period, a solution of uranium, 0.1 per cent 
UO(CH;COO)s, was administered intraperiioneally to all rats according to 
the following program: Eight doses of 0.15 mg. of uranium per kilo were 
2 davs after the last small dose, one injection 


injected on alternate days. 
The purpose of the preliminary 


of 2 mg. of uranium per kilo was given. 


* This paper is based on work performed under contract No. W-740l- eng 19 for the 


Atomic Energy Project at The University of Rochester. 
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small doses was to establish a tolerance’ to the large, final dose, which, in 
untreated rats, 1s often lethal. In this case, a tolerance developed; only 
three of 75 rats succumbed. ‘The large dose was necessary in order to ob- 
tain skeletal concentrations of uranium adequate for analysis. 

3 days after the last injection, Group I was sacrificed for analysis and the 
other groups were maintained on the following diets for 7 weeks: Group LI, 
a control diet of Purina fox chow, the maintenance diet of all groups through 
the observation and injection periods; Group III, an alkaline diet, con- 
sisting of fox chow supplemented with 0.5 per cent sodium bicarbonate; 
Group LV, an acidic diet, fox chow supplemented with 0.32 per cent am- 
monium chloride (the alkaline and acidic diets contained equivalent con- 


centrations of acid and base which were found to be the highest possible 


TABLE 


Effect of Experimental Diets on Composition of Pooled Fcemora and Humeri 


The results are expressed in mean per cent plus or minus the standard deviation 
obtained according to the method of Fisher (7). 


Bone composition 


Group No.* animals 
Water Organic materialf | Ash 
[. Control 49.342.5 2.041.3 | 29.141.6 
Il. Control diet 13 6.6234 | B39418 | 
III. Basie diet 15 36.4422.1 24.141.9 | 39.52 2.4 
IV. Acidic diet 14 35.8 + 2.5 4.2+10 | 100.022.2 
V. Rachitogenic diet 14 42.8 + 3.6 25.0+0.8 ; 32.02 3.1 
P values, Group II vs. V 01 0.04 <0.0) 


“Group I, 6 to 7 weeks old. Groups II to V were 13 to 14 weeks old at saerifiee. 
+ Determined by difference. 


concentrations consistent with sufficient dietary intake); Group V, « rachi- 
togenic diet.” Water and food were given ad libitum. 

The rats were weighed on alternate days for the first 2 weeks of the diet- 
ary period and twice a week thereafter. 

53 days after the last injection of uranium, Groups II to V were sacrificed 
by decapitation. ‘The femora and humeri from each animal were removed 
and scraped free of adhering flesh. Fresh, dry, and ash weights were ob- 
tained. The uranium content of each sample of ash was determined by the 
Huorophotometric method (6). 

' Haven, F., unpublished results. 


*A modified Steenbock diet, Diet 2, obtained from General Biochemieals, Ine., 
Chagrin Falls, Ohio. 
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Results 


The average growth curve of all the experimental animals is compared 
in Fig. 1 with the growth curve for the average female rat of this colony. 
The growth rate was retarded somewhat by the administration of uranium. 
particularly in the case of the rachitic animals. 

The effect of the diets on the composition of the long bones is presented 
in Table I. In spite of the relatively large quantities of alkali (Group IT] 
and acid (Group IV) consumed, no changes were observed in the compo- 
sition of the long bones. The bones of the rachitic animals, however, 
showed marked changes as expected; 7.¢., increased water content and de- 
creased ash content. 

To determine the amounts of uranium removed trom the bones as a result 
of the various 7 week dietary régimes, the total uranium content of the 
pooled femora and humeri of each animal was compared with the average 


TasB.e I] 
liffect of Diet on Mobilization of Uranium from Pooled Femora and Humeri 


Per cent of 


Group No No. of otal uranium Uranium concen- deposited uranium 
: animals content tration remaining after 
59 days 


y Per em. asi 


Control 12.4+ 1.4 + 5.7 

If. Control diet 13 1.0 +t 1.9 12.0 + 1.3 
[1]. Basic diet 15 7.2+1.3 i? + 2:6 58 + 1] 
Aeicdie diet 14 61 + 12 


* Error recorded as standard deviation 


total uranium content found in the femora and humeri of CGiroup I, the 
control animals killed at the beginning of the dietary period. These data 
are presented in Table IT. 

Only the rachitogenic diet significantly (7? <Q.01) increased the 
removal of uranium trom the bone. 


DISCUSSION 


The mechanism of the action of the rachitogenic diet in increasing the 
rate of removal of uranium from bone seems clear. It has been shown that 
the deposition in bone of injected uranium is complete within a few hours 

2). Subsequently, in the rapidly growing animals, new bone is deposited 
over the fixed uranium, thus decreasing the availability of uranium to the 
circulating fluids. Very little redistribution of uranium to the newly 
formed bone occurs (4). The rachitogenic diet, then, by lowering the net 
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accumulation of bone salt, leaves the deposited uranium more available to 
the circulating fluids (8) and increases the rate of its removal. 

At the levels of acid and base administration employed (approximately 
6 mM per kilo per day), no alteration in the rate of removal of uranium from 
the skeleton was observed. A study in vitro of the equilibration of bone 
ash with uranyl! bicarbonate solutions*® has shown that high concentrations 
of bicarbonate inhibit the uptake of uranium by the ash. It would be ex- 
pected, then, that alkali administration might increase the rate of removal 
of uranium in vevo. Apparently, it is not possible to alter sufficiently the 
composition of the body fluids to affect an increased mobilization of ura- 
nium by dietary supplements of alkali. 

It is interesting that nearly one-half of the uranium originally deposited 
has disappeared in the 7 week dietary period. If the femora and humeri 
are assumed to be representative of the skeleton as a whole, the half life of 
skeletal uranium in the rat must be of the order of 5) to 69 days. This 
would correspond, on a logarithmic basis, to an excretion rate of slightly 
over 2 per cent per day. 


SUMMARY 


The effect of several experimental diets on the rate of mobilization of 
skeletal uranium in rats was tested. Alkaline and acidic diets were without 
effect; a rachitogenic diet increased the rate of mobilization. 

The half life of skeletal uranium in the rat was found to be of the order 
of 50 to GO days. 


BIBLIOGRAPHY 


1. Tannenbaum, A., Silverstone. H., and Koziol, J., Manhattan Project, report CH- 
3659, Michael Reese Hospital, Chicago (1946). 

2. Neuman, W. F., Fleming, R. W., Dounce, A. L., Carlson, A. B., O'Leary, J., and 
Mulryan, B., J. Biol. Chem., 173, 737 (1948). 

3. Neuman, W. F., Neuman, M. W., and Mulryan, B. J.,J. Biol. Chem. ,175, 705 (1948). 

4. Neuman, M. W., and Neuman, W. F., J. Biol. Chem., 175, 711 (1948). 

5. Aub, J. C., Fairhall, L. T., Minot, A. S., and Reznikoff, P., Me ficine, 4, 1 (1925). 

6. Neuman, W. F., Fleming, R. W., Carlson, A. B., and Glover, N., J. Biol. Chem.., 
173, 41 (1948). 


. Fisher, R. A., Statistical methods for research workers, Edinburgh, 9th edition, 


122 (1944). 
8. Neuman, W. F., and Riley, R. F., J. Biol. Chem., 168, 545 (1947). 


Neuman, W.F., Neuman, M. W., Main, R., and Mulryan, B. J., unpublished 
results. 


| 
y. 
Nn, 
lt 
ye 
| 
| 
| 
| 


| 
| 


STUDIES ON CRYSTALLINE pi-BENZYLPENICILLENTIC ACID 


By ARTHUR H. LIVERMORE, FREDERICK H. CARPENTER, ROBERT W 
HOLLEY, ano VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, May 4, 1946) 


In a recent communication from this laboratory it was reported that a 
high vield of p-benzylpenillic acid (I) could be obtained through the con- 


COOH 
| 
CH 
N CH C(CH,) 
! | | 
C.H,CH:-C N—-——CH-COOH 
(1) 


densation of D-penicillamime hydrochloride with 2-benzyl-4-methoxy- 
methvlene-5(4)-oxazolone and subsequent treatment of the crude con- 
densation product (1). This synthetic p-benzy!penillic acid was identical 
with that obtained from benzylpenicillin by rearrangement in aqueous 
solution at pI 2. 

The ultraviolet absorption of the crude product trom the condensation 
of p-penicillamine hydrochloride and 2-benzyl-t-methoxymethylene-5(4)- 
oxazolone in pyridine solution containing triethylamine indicated the 
presence of a large amount of p-benzylpenicillenic acid, and it was therefore 
thought that penicillenic acid might be the intermediate compound which 
yielded penillic acid. Conclusive evidence in favor of this hypothesis has 
now been obtained through work on pu-benzylpenicillenie acid (1D). 


N SH 
| 
| | | 
() C ==() COOH 
(11) 


1 Methyl p-benzyipenicillenate has been defined (2) as the product obtained upon 
treatment of benzylpenicillin methyl ester with mercurie chloride. Benzylpenicil- 
lenic acid is generally assumed to have structure II. The structure of benzylpenicil- 
lenie acid, however, has not been rigorously established (3), nor has p-benzylpen- 
icillenic acid been isolated in erystalline form. 
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We have now found that when pt-penicillamine hydrochloride jg 
condensed at 75° with 2-benzyl-4-methoxymethylene-5(4)-oxazolone jn 
pyridine solution containing triethylamine a crystalline product can be 
obtained in high yield. The ultraviolet absorption of this compound 
showed a maximum at 3225 A (Ey = 26,600)? and the material could be 
degraded to the sodium salt of 2-benzyl-4-hydroxymethylene-5(4)-oxazolone 
by treatment with sodium hydroxide (2, 3). These properties were those 
expected of penicillenic acid (II). 

When the crystalline pL-benzylpenicillenic acid was allowed to stand in 
95 per cent ethanol solution at room temperature for 24 hours, DL-benzyl- 
penillic acid? was obtained in 25 per cent yield. These conditions were 
identical with those which gave p-benzylpenillic acid from the crude 
condensation product of p-penicillamine and 2-benzyl-4-methoxymethylene- 
5(4)-oxazolone (1). It can therefore be concluded that p-benzy!penicillenie 
acid is an intermediate in this synthesis of p-benzylpenillic acid. 

It has already been shown (4) that the condensation of b-penicillamine 
hydrochloride with 2-benzyl-4-methoxymethylene-5(4)-oxazolone produces 
a small amount of antibiotic activity. This activity is due to the syn- 
thesis of a minute amount of benzylpenicillin (5). The pi isomer yields 
approximately half of the antibiotic activity obtained from the bp isomer 
(4). With crystalline pi-penicillenic acid at hand, an opportunity was 
afforded to see whether this crystalline material gave antibiotic activity 
when it was heated in pyridine solution in the presence of pyridinium 
chloride. Penicillenic acid has been suggested repeatedly (4) as the inter- 
mediate compound in the synthesis of antibiotic activity from p-penicil- 
lamine hydrochloride and the oxazolone, but this has not been established. 
The crystalline pi-benzylpenicillenic acid was therefore heated in pyridine 
solution in the presence of pyridinium chloride at 110° for 12 minutes, 
A small amount of antibiotic activity was obtained (less than 0.1 percent 
of the theoretical amount). This amount was comparable to that formed 
when pti-penicillamine hydrochloride and 2-benzyl-4-methoxymethylene 
5(4)-oxazolone were condensed under the same conditions. 

Because of the small yield of activity, it is difficult to eliminate completely 
the possibility that the activity is formed from an impurity very closely 
associated with the penicillenic acid. However, the pi-penicillenic acid 
was subjected to a series of recrystallizations and the amount of antibiotic 
activity obtainable from each fraction was determined by heating it with 


2/}y is the molar absorption coefficient and is equal to D/cd where D is log I/I, 
c is the concentration in moles per liter, and d is the cell thickness in centimeters. 

In a forthcoming communication from this Laboratory, evidence will be presented 
to show that this racemic benzylpenillic acid contains a p moiety which is identical 
with the p-benzylpenillic acid obtained on rearrangement of p-bonzylpenicillin. 


| 
| 


| 
| 
| 


LIVERMORE, CARPENTER, HOLLEY, AND DU VIGNEAUD 723 


pyridine and pyridinium chloride. These repeated recrystallizations of 
the pt-penicillenic acid did not result in any loss of its ability to produce 
antibiotic activity. 


EXPERIMENTAL 


Preparation of pvu-Benzylpenicillenie Acid (II)—1.8 gm. of pDtL-peni- 
cillamine hydrochloride and 1.98 gm. of 2-benzyl-4-methoxymethylene-5(4)- 
oxazolone were heated in 360 cc. of pyridine and 15 ec. of triethylamine at 
75° for 20 minutes. ‘The solution was evaporated in vacuo under nitrogen 
to a gum which was then dissolved in 300 ce. of chloroform. The chloro- 
form solution was washed with 300 ec. of ice-cold phosphate buffer of 
pH 1.6 (2 m) and then with 300 ce. of cold phosphate buffer of pH 5 (1.25 
u). After being dried over sodium sulfate, the chloroform solution was 
evaporated to a yellow powder, which weighed 2.3 gm. This material 
was washed with two 5 cc. portions of chloroform, and the pale yellow 
residue was dissolved in 150 cc. of methyl acetate. The solution was 
filtered and 200 cc. of hexane were added. The solution deposited 872 mg. 
of crystals, which had a micro melting point of 136-137°. A solution of 
this material in 95 per cent ethanol (0.01 mg. per cc.) had a maximum in 
the ultraviolet absorption spectrum at 3225 A, Ey = 25,600. This ma- 
terial was recrystallized from methyl acetate-hexane. The recrystallized 
product melted at 136-140° (micro), and an ethanol solution (0.01 mg. 
per cc.) had an absorption maximum at 3225 A, Ey = 26,600. 


CyelhsOw.NeS (334.4). Calculated, N 8.38, 5S 9.59; found, N 8.19, S 9.52 


Alkaline Degradation of pu-Benzylpenicillente Acid—A 100 mg. sample 
of pL-benzylpenicillenic acid was treated with 0.4 ce. of 3 N NaOH in a 
procedure similar to that used in the degradation of methyl p-benzylpeni- 
cillenate (3). The solution was allowed to stand for 25 minutes at room 
temperature, and was then cooled in an ice bath. The crude sodium salt 
of 2-benzyl-4-hydroxymethylene-5(4)-oxazolone which separated was washed 
with methanol and dried. It weighed 34.8 mg. and was recrystal- 
lized from methanol-ethyl acetate to yield 6.7 mg. of crystals in the first 
crop. ‘This material melted with decomposition at 229-231° (micro) and 
at 218-220° (capillary). After another recrystallization the compound 
melted at 228-231° (micro) and at 224-225° (capillary). Admixture of this 
material with an authentic sample of the sodium salt of 2-benzyl-4-hydroxy- 
methylene-5(4)-oxazolone did not depress its capillary melting point. 
The ultraviolet absorption likewise corresponded to that given by the 
authentic sodium salt of 2-benzyl-4-hydroxymethylene-5(4)-oxazolone. 
The ultraviolet absorption maxima in methanol occurred at 2390 A (Ly 
= 6430) and at 2980 A (Ly = 17,650). 
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Formation of pu-Benzylpenillic Acid (1) from pu-Benzylpenicillente Acid 
(JT) —198 mg. of twice recrystallized pL-benzylpenicillenic acid were dis- 
solved in 6 ec. of 95 per cent ethanol. The solution was allowed to stand 
for 24 hours at room temperature and 45.6 mg. of needles, micro mp, 
178-180°, were collected. When the filtrate was allowed to stand at 5° 
it deposited another 5.1 mg. of needles, micro m.p. 177-178°, making 
a total yield of 25.6 per cent of the theoretical amount. ‘The material wag 
recrystallized twice from NaOH solution by the addition of dilute HC]. 

127 meg. 
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Fig. 1. At each succeeding step, the material was dissolved in methyl acetate and 
precipitated with hexane (ppt.). The mother liquors (VW. L.) were evaporated and 
the residues were fractionated in the same manner. All fractions were crystalline 
with the exception of Fraction G. Aliquots of each fraction were removed for assa\ 
and ultraviolet absorption measurements 


The product had a micro meltipg point of 175-177°. The ultraviolet 
absorption spectrum of the solution in 95 per cent ethanol (0.01 mg. per 
ec.) showed a shoulder at 2325 A, Ey = 7109. <A similar solution of b- 
benzylpenillic acid prepared from benzylpenicillin had an almost identical 
absorption spectrum with a shoulder at 2350 A, hy = 7100. 


CisHysOgNoS (334.4). Calculated, N 8.38, S 9.59; found, N 8.04, 8 9.37 


Formation of Antibiotic Activity from Crystalline pu-Benzylpenieillenc 
Acid—A 400 mg. sample of crystalline pu-benzylpenicillenic acid was frac- 
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tHionated by successive recrystallizations from methyl acetate-hexane, as 
lustrated in Fig. 1. An aliquot of each fraction was dissolved in 95 per 
eent ethanol and the /’y of the ultraviolet absorption maximum at 3225 A 
was determined. Also, a 5 mg. aliquot of each fraction was heated at. 
110° for 15 minutes in 0.5 ce. of pyridine contaming 3.12 mg. of pyridin- 
‘um chloride. The solution was cooled and the pyridine removed in vacuo. 
The residue was dissolved in 5 cc. of | per cent phosphate buffer (pH 6) 
and assaved with Bacillus subtilis, ATCC 6051, by a modification of the 
method of Vincent and Vincent (6) with erystalline sodium benzylpen- 
icillin as the standard. 

For each fraction, the ratio of the antibiotie activity produced to the 
Ey of the absorption maximum at 3225 A was calculated, as shown in 


TABLE [ 

Properties of Fractions from Recrystallization of pt-Benzylpenicillenic Acid 
Ew at 3225 A Antibiotic activity (b) 
Fraction produced — xX 10 

(a) (6) (a) 
untis per mg. of original 
fraction 

Starting material 26,400 1.24 4.70 
A 25,600 1.14 4.45 
B 23 ,000 1.12 4.87 
C 25,900 1.26 4.94 
D 19,400 1.00 5.15 
E 26 ,600 1.28 4.81 
21 ,000 1.04 4.96 
G 3,190 <0.25 

H 16,600 0.70 4.22 


Table I. These ratios remained quite constant, ranging from 4.22 * 10-5 
to 5.15 XK 107°. 


SUMMARY 


The preparation of pu-benzylpenillic acid in good yield from crystalline 
pL-benzylpenicillenic acid has established bevond doubt that the latter 
compound is an intermediate in the synthesis of pi-benzylpenillic acid 
from pu-penicillamine hydrochloride and 2-benzyl-4-methoxymethylene- 
5(4)-oxazolone. Since the syntheses of the p- and t-penillic acids from the 
p- and L-penicillamine hydrochlorides proceed in an entirely similar fashion, 
the corresponding penicillenic acids are undoubtedly the intermediates 
in these cases also. 

When crystalline pi-benzylpenicillenic acid was heated in_ pyridine 
containing pyridiniim chloride, antibiotie activity was obtained. The 


| 

| 

| 

| 


726 DL-BENZYLPENICILLENIC ACID 


yield of activity was comparable to that obtained by condensation of | 
pL-penicillamine hydrochloride and 2-benzyl-4-methoxymethylene-5(4). | 
oxazolone. 


The authors wish to thank Dr. J. R. Rachele and Miss Josephine E. 
Tietzman for the microanalyses, and Mrs. Mary Mckee, Mrs. Elizabeth 
Mitchell, and Miss Jeannette Treiber for the microbiological assays. 
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OBSERVATIONS CONCERNING THE CAUSES OF THE 
EXCESS EXCRETION OF URIC ACID IN THE 
DALMATIAN DOG* 


By MEYER FRIEDMAN ano SANFORD O. BYERS 


(From the Harold Brunn Institute for Cardiovascular Research, Mount Zion 
Hospital, San Francisco) 


(Received for publication, March 13, 1948) 


Ever since Benedict (1) observed that the Dalmatian dog excreted more 
uric acid than the non-Dalmatian dog, various investigators have attempted 
to detect some anomaly in the purine metabolism of this species of animal. 
However, no adequate explanation has been found despite the careful 
studies of Wells (2) and Klemperer, Trimble, and Hastings (3). Thus the 
liver of the Dalmatian has been found to contain apparently as much ade- 
nase, guanase, and uricase as the liver of the non-Dalmatian (2,3). Asa 
matter of fact, these investigators concluded that no quantitative relation 
existed between the uric acid exeretion of the Dalmatian and the uricase 
content of its liver. 

It seemed important to reinvestigate this problem. Our approach was 
to explore three possible causes for the occurrence of excess uric acid in the 
urine of the Dalmatian; namely, (1) that it was due to an accelerated total 
purine metabolism, (2) that it was due to a failure of the liver of the Dal- 
matian to convert uric acid into allantoin, or (3) that it was due to an anom- 
aly in the kidney of the Dalmatian which allowed the more rapid escape 
of uric acid. ‘The final results of our study indicated that the principal 
cause of the excess uric acid in the urine of the Dalmatian was the presence 
of a renal anomaly. 


Mi fhods 


Three thoroughbred male Dalmatian dogs approximately 1 year of age 
were used in this study. Two of the dozs (Nos. D1 and D2) were litter 
mates but the third dog (No. D3) was obtained from another kennel. The 
dogs were fed on Purina dog chow. Mongrel dogs fed the same food were 
used for control studies. 

All urie acid determinations of either plasma or urine were performed 
according to the method of Folin (4). Creatinine determinations were 
done according to the method of Folin and Wu (5), and a'lantoin in either 
plasma or urine was analyzed according to the method of Christman, Fos- 
ter, and Esterer (6) as modified by us (7). 


* Aided by grants from the United States Public Health Service and the Wine 
Institute. 


727 


i 

| 

| 

| 

|| 


728 CAUSES OF EXCESS URIC ACID 


All renal clearances (uric acid, allantoin, and creatinine) were ascertained 
on anesthetized dogs as described in a previous report (S$). 


Results 


Blood Concentration of Uric Acid and Allantoin—The uric acid content of 
the blood plasma of three fasting Dalmatians was determined twenty-two 
times. Nine similar determinations also were made on the plasma of four 
non-Dalmatian dogs. It was found (see Table I) that the average plasma 
uric acid concentration in the three Dalmatians was 0.5S mg. per 100 ¢¢ 


(or 0.20 mg. of uric acid nitrogen per LOO ce.). The average plasma uric 
acid concentration of the non-Dalmatian dogs was 0.33 mg. per 100 e¢. 
(or 0.11 mg. of uric acid nitrogen per 100 ec.). «The average plasma uric 


acid concentration of the Dalmatian was significantly higher than that ot 
the non-Dalmatian dog. 

On the other hand when nine determinations of the plasma allantoin ot 
two Dalmatian dogs were made (see Table 1), the average allantoin con. 
centration of 0.61 mg. per 100 ec. (or 0.23 mg. of allantoin nitrogen per 100 
ec.) was less than the average (1.01 mg. per 100 ce. or 0.33 mg. of allantoin 
nitrogen per 100 cc.) of the non-Dalmatian dogs. 

Thus the plasma uric acid concentration of the Dalmatian was tound to 
be higher than that of the non-Dalmatian and the plasma allantoin content 
of the former dog was less than that of the latter. When the average con- 
centrations of total plasma nitrogen (derived from purines) of both groups 
of dogs were calculated, however, it was found (see Table I) that they were 
approximately the same (Dalmatian, 0.40 mg. per 100 ce.; non-Dalmatian, 
0.44). 

Excretion of Uric Acid and Allantoin in Dalmatian and Non-Dalmatian 
Dog—The average amount of uric acid and allantoin excreted per minute by 
two Dalmatian dogs (Dog D1, weight 20 kilos; and Dog D2, weight 25 
kilos) over a period of 1 hour was determined on nine seperate oceasions. 
The same procedure also was carried out nine times on four non-Dalmatian 
dogs (average weight 20 kilos). 

As was expected (see Table I), the average uric acid excretion (O.45 mg. 
or 0.15 mg. of uric acid nitrogen per minute) of the Dalmatians was approxi- 
mately 11 times greater than that (0.04 mg. per minute) of the non-Dal- 
matian dogs. However, the average allantoin excretion of the Dalmatian 
(0.45 or 0.16 mg. of allantoin No per minute) was about hali the amount 
(0.82 mg.) excreted by non-Dalmatian dogs. The (ofa! excretion derived 
from purines, however, was about equal in the two groups of animals. 
That is, the average excretion of nitrogen (allantoin and uric acid Ne) was 
U.32 mg. per minute In the Dalmatians and 0.30 mg. per minute in the non- 
Dalmatian dogs (see Table 1). In summary then, although the Dalmatian 
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excreted much more uric acid than the non-Dalmatian dog, its total urinary 
excretion of allantoin was sufficiently reduced so that its exeretion of both 
purine end-products was neither higher nor lower than that of the other 
type of dog. 

The above results indicated clearly that the excess uric acid found in the 
yrine of the Dalmatian could not be due to an accelerate 1 purine metabolism, 


TABLE 


Blood Concentration and R na! Eercretion of {ric Acid and Allantoin in Dalmatian 


and Vo Dali matian Dogs 
Plasma Plasma \Total Uric acid Allantoin Total 
plasma excreted excreted urine 
lotal Potal Potal No Tota! creted 
Dalmatians 
cr fer meg. per mg. per meg. per mg. per 
j min min min. min. min. 
0.52 0.17 0.57 0.22 0.39 0.41 0.14 0.44 0.16 | 0.30 
1)? 049 O.17 O64 0.23 0.40 O.48 0.16 0.45 0.16 | 0.32 
7 7 3 ; 3 3) 3) | 
G4 0.25 
f) 
Average 058 0.20 0.61 0.23 0.40 0.45 0.15 0.45 0.16 | 0.31 
No Dalmati 
025° 012 O89 O28 0.40 0.03 0.01 O.82 | 0.29 0.30 
\1. 040 0.1 25 0.48 0.351 005 =0O.92 | 0.32 | 0.34 
2 2 2) 2) (2) 
MI3 9°95 oO 9790 032 0.40 0.08 0.01. 0.78) 0.28 | 0.29 
M4 093 019 0.03 0.01 | 0.77 | 0.27 | 0.28 
1) 1 ) ] (1) (1) 
Average 23 6.1) 102 0.36 0.44 0.04 0.82 0.29 0.30 


* Numerals in parentheses indicate the 


number of separate determinations 


since the blood and urine contained approximately the same amount ot 
purine end-products as was found in the blood and urine of non-Dalmatian 
dogs. Furthermore, the greater concentration of uric acid in the blood of 
the Dalmatian dog could not explain the excess uric acid in the urine, be- 
“ause, as demonstrated later, artificial elevation of the plasma uric acid of 
normal dogs to levels 10 times higher than that of the Dalmatian still did 
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not lead to an excretion of uric acid comparable to that found in the urine 
of the latter dog. 

The evidence obtained suggested that the Dalmatian either was unable 
to convert sufficient uric acid into allantoin or that it had an unusual ability 
to excrete uric acid. 

In any effort to determine a defect in the Dalmatian’s ability to convert 
uric acid into allantoin, it must be stressed that this defect would be found 
to be a comparative, not an absolute, one, because, as was noted above, 
about half of the purine is converted and excreted as allantoin. This pos- 
sible relative rather than absolute deficiency perhaps explains the inability 
of previous investigators (2, 3) to detect a gross peculiarity in the purine 
metabolism of this animal. 

In order to detect any relative deficiency in the Dalmatian’s ability to 
oxidize uric acid into allantoin, and to eliminate a possible renal factor, it 
was thought advisable to suppress renal excretion. If this animal were not 
able to convert uric acid into allantoin adequately, then the uric acid would 
accumulate in the blood to a much greater extent than allantoin after renal 
excretion had been abolished. 

Accordingly, two Dalmatians (Dogs D1 and D2) and two non-Dalmatian 
dogs were operated upon after blood samples had been obtained. The 
ureters of each dog were exposed, then surrounded (at their junction with 
the renal pelvis) by a thin section of latex rubber tubing (8 mm. in length, 
3mm. in diameter). A silk thread was placed about the rubber tubing and 
a suture was made, completely compressing the ureter within the tubing. 
In this manner, the ureters were occluded securely without any danger of 
cutting them. The bladders of the dogs were then catheterized and any 
residual urine present was discarded. 24 hours later, second blood samples 
were obtained and the dogs were reanesthetized and catheterized. The 
ureters were exposed again and the sutures compressing them were re- 
leased. During the 24 hour period following ureteral occlusion, none of 
the dogs urinated nor was any urine found in their bladder at the second 
catheterization. Moreover, the kidneys of the dogs after occlusion were 
distended markedly, indicating complete urinary retention. It was esti- 
mated that approximately 50 cc. of urine had accumulated in each kidney 
before the back pressure occasioned by the ureteral occlusion was high 
enough to effect complete cessation of renal excretion. Within 6 hours 
following the release of the ureters, all animals began to void urine. 

As was expected (9), the non-Dalmatian dogs exhibited no rise in blood 
uric acid after the 24 hour period of renal shutdown. The plasma uric acid 
was 0.36 and 0.39 mg. per 100 ce. respectively in the two dogs before and 
0.25 and 0.33 mg. per 100 ec. 24 hours after the bilateral ureteral! ligation. 
The plasma allantoin concentration, however, of these two dogs increased 
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markedly, rising in the 24 hour period from 0.5 and 1.45 to 11.35 and 16.0 
mg. per 109 ce., respectively. 

Renal suppression in the Dalmatian, however, was found to effect a rise 
in both uric acid and allantoin. ‘Thus the plasma urie acid and allantoin 
of Dog D1 were 0.6 and 0.7 mg. per 100 ec., respectively, before, and 3.2 
and 5.7 mg. per 100 ce. 24 hours after renal inhibition. Likewise, in Dog 
D2, the plasma uric acid and allantoin were 0.85 and 0.9 mg. per 100 cc., 
respectively, before and 2.49 and 13.4 mg. per 100 cc. 24 hours after renal 
inhibition. These results clearly indicated that, although the Dalmatian 
dogs had the ability to convert a considerable amount of retained uric acid 
into allantoin, they nevertheless exhibited a partial or relative deficiency in 
this regard when compared to the non-Dalmatian dog. ‘Thus, whereas the 
non-Dalmatians were able to convert all retained uric acid into allantoin, 
one Dalmatian (Dog D1) appeared to convert only 64 per cent of its re- 
tained uric acid and the other (Dog D2) 84 per cent of it. 

Renal Clearance (Endogenous and Exogenous) and Allantoin tn Dalmatian 
Dog—Although the anomaly demonstrated above might possibly have 
explained the higher plasma urie acid of the Dalmatian, it did not explain 
necessarily the excess uric acid in the urine. Therefore, it was thought 
desirable to investigate the renal dynamics of this animal. 

Twenty-two uric acid and creatinine and nine allantoin clearance studies 
were carried out on the three Dalmatian dogs. Similarly, ten urie acid, 
creitinine, and allantoin clearances were performed for control purposes 
on four non-Dalmatians. 

The average endogenous urie acid clearance of the four control dogs was 
found (see Table II) to be 24.2 ce. per minute or about 26 per cent of the 
creatinine clearance (92.9 ee.). The average endogenous allantoin clear- 
ance (96.0 ec.), as has been described previously (8), was found to be ap- 
proximately the same as the creatinine clearance. ‘These results demon- 
strated the fact that the non-Dalmatian dog was not able to excrete uric 
acid in the same fashion (7.e. at the level of glomerular filtration) as allantoin. 

However, the Dalmatian dogs were found to excrete endogenous uric 
acid at the same rate as creatinine, namely at the level of glomerular filtration. 
Thus (see Table II) the average urie acid clearance of Dog D1 was 88.3 ee. 
per minute and the average creatinine clearance was 92.5 ec. per minute. 
Similarly in Dog D2, the average uric acid and creatinine clearances were 
86.9 and 87.2 ee. per minute, respectively; in Dog D3, they were 76.5 and 
74.5 ec. per minute, respectively. The average allantoin clearances of two 
of the Dalmatians (see Table II) were similar to those of the non-Dalma- 
tians in also being at the level of glomerular filtration. 

The above discovery that uric acid probably was a glomerular filtrate 
Without subsequent tubular secretion or reabsorption was confirmed when 
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studies of uric acid clearance were repeated on both Dalmatian and non- 
Dalmatian dogs in which the plasma uric acid concentration had been 
raised by an intravenous infusion of uric acid (500 mg. per 100 ce.) per- 
formed 30 minutes before and during the clearance. The results of these 
studies (see Table III) indicated decisively that uric acid was excreted in 
the Dalmatians as a glomerular filtrate without subsequent tubular secre- 
tion or reabsorption. ‘Thus, despite the fact that the plasma uric acid level 
of the two Dalmatians was raised many times higher than the endogenous 
level (in Dog D1, ¢.q¢., a plasma urie acid coneentration of 44.8 mg. per 100 


Tasie Il 


Uric Acid, Allantoin,and Creatinine Clearance in Dalmation and Non-Dalmatian Dogs 


Ratio, uric | Ratio, uric 


Dog. No. of urine uric acid allantoin creatinine | | acid-creat- 
volume learance clearance clearance toin clear- spine 
learan ar ance | clearance 
Dalmatians 
cc. per (c. per her cc. per 
min min. min min. | 
D1 42 Rk 2 92.5 | 1.03 | 0.95 
‘ 
D2 | 7 5.33 86.0 86.2 | 11.8 
D3 2.83 76.5 74.5 | 1.03 
Average 1.53 R36 SH 0 1.00 
Non-Dalmatians 
Mi 2 4.05 10.75 80.5 85.5 0.12 0.13 
AI2 2 28 .00 93.5 92.0 0.30 0.30 
M3 5 5.60 30.50 105.0 107.0 0.29 0.29 
M4 6.20 27.50 87.2 0.32 
Averese... 5.19 24.2 6.0 92.9 0.24 | 0.26 


All clearances are corrected to 1 sq.m. of surface area 


ec. Was obtained during one clearance), the urie acid clearance neither ex- 
ceeded nor fell below the creatinine clearance concomitantly obtained. 

In the non-Dalmatian dogs, however, (see Table [I1) despite the eleva- 
tion of plasma uric acid obtained, the clearance of uric acid never equaled 
the creatinine clearance. Moreover it was observed that, even when the 
plasma level of uric acid of these latter dogs had been raised to a value 10 
times that of the endogenous level of Dalmatian dogs, the amount of uric 
acid excreted per minute was still less than that excreted by the Dalmatian 
dog. This last observation demonstrated that the cause of the excess uric 


| 

| 

| 

| 


M. FRIEDMAN AND S. O. BYERS 733 


acid in the latter dog’s urine was not the result of its somewhat higher 
plasma uric acid content. 


TaBLeE III 


Uric Acid Clearance of Dalmatian and Non-Dalmatian Dog at High Plasma Levels of 
Urie Acid 


Dog No Urine volume Uric acid cleat 
clearance 
Dalmatians 
is mg. per 100 cc. cc. per min. cc. per min. Cc. per min 
Di 10.2 3.92 70.0 71.5 0.98 
4.70 93.8 89 6 1.04 
14.3 7.10 79.7 90 0 0.89 
13.8 1.82 S6.4 $3.3 1.04 
| 18.2 7.65 98.0 | 93 .0 1.05 
24.1 4.10 98 .O 9S .0 1.00 
40.1 3.20 90.0 93.0 0.97 
44.8 | 3.90 98 .0 93.8 1.02 
Average 4.87 89.2 59.3 1.00 
D2 : 7.93 6.60 100.0 93.5 1.06 
2.40 103.0 102.0 1.01 
8.90 3.60 99 .0 100.0 0.99 
ig 10.40 3.00 92.0 96.5 0.95 
12.20 9.10 90.0 83 .0 1.08 
| 13.00 4. 20 68.5 1.10 
| Average | 4.70 93 .3 G06 1.05 
Non-Dalmatians 
| Mi 4.80 5.40 37.0 91.0 0.41 
M2 10.25 7.00 39.0 69.5 0.56 
M2 13.40 4.06 28 .3 S6.5 0.33 
M3 | 19.30 4.70 43.0 73.9 0.59 
M4 23.50 5.80 14.4 79.0 0.56 
| Average 4.99 38.3 79.9 0.49 


All clearances are corrected to 1 sq.m. of surface area 


DISCUSSION 
The results of the foregoing studies demonstrated that the Dalmatian 


dog did not differ from the non-Dalmatian in the production or output of 
total purine end-products, for the concentration of total purine end-product 
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nitrogen in the blood and the total quantity excreted in the urine were al.- 
most identical, 

Moreover, there was no qualiiative difference in the purine metabolism 
of the two varieties of animals, but a distinct, although comparatively 
minor, quantitative difference was found. That is, the Dalmatian dog, 
although able to form allantoin, was observed to be unable to convert urie 
acid into this substance as readily as the non-Dalmatian. This relative 
defect in the oxidation of uric acid was small enough in one of our dogs to 
make it easily understandable why former efforts to detect changes in the 
uricase content of the Dalmatian liver might have been inconelusive. 4 

The inability of the Dalmatian to oxidize uric acid into allantoin as 
readily as the non-Dalmatian dog might explain the higher uric acid in the 
plasma of the former animal. It would not explain, however, the tremen- 
dous amount of uric acid found in the Dalmatian’s urine, for, as has been 
pointed out, the amount excreted was much more than was found in the 
non-Dalmatian dog whose plasma uric acid had been elevated artificially 
to a level above that of the Dalmatian’s. Moreover the Dalmatian ex- 
cretes more uric acid per kilo of body weight than does man (1), although 
the latter’s blood contains about 10 times more uric acid per ec. than the 
Dalmatian’s. 

The chief reason for the presence of excess uric acid in the urine of the 
Dalmatian was discovered in this study to be due to the peculiar fact that 
it has the ability, unlike any other known animal, to excrete uric acid at 
the exact level of glomerular filtration. This finding of ours is inferentially 
confirmed by the observations of both Young ef a/. (10) and Myers and 
Hanzal (11), for, in their published data, the daily creatinine and urie acid 
excretions of the Dalmatian dog were approximately the same. Sinee the 
crevtinine and uric acid concentrations in the Dalmatian’s blood are approx- 
imately equal, their equal excretion of both substances suggests the simi- 
larity or equality of their respective clearances. 

This inability on the part of the Dalmatian dog to reabsorb uric acid from 
the glomerular filtrate undoubtedly results in a condition in which less uri¢ 
acid is available in its body for conversion to allantoin and hence less allan- 
toin is formed and excreted. The experimental data bear out this last 
assumption in that the allantoin excretion of the Dalmatian was decreased 
to the same extent that the uric acid excretion was increased, with the net 
result that the excretion of bo/A purine end-products in the Dalmatian was 
the same es that of the non-Dalmatian. Furthermore when the renal 
escape of ur.c acid was prevented in the Dalmatian, it was found that the 
retained uric acid was converted a'most completely into allantoin. ‘These 
facts make it seem quite likely that the fundamental anomaly of the Dal- 
matian is its inability to reabsorb uric acid from the glomerular filtrate. 
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It is quite possible that, because of the unique ability of the Dalmatian 
kidney to excrete urie acid as efhciently as allantoin (7.7. at the level of 
glomerular filtration (8)), there is less biological necessity for the conversion 
ef uric acid into allantoim. ‘This rapid loss of urie acid by the Dalmatian 
kidney, then, may have led to a state in the process of this dog’s evolutional 
development which allowed a relative physiological deficiency in the oxida- 
tion of uric acid. Certainly it seems clear that the chief anomaly of the 
Dalmatian dog resides in the kidney, whereas the deficiency in its uricase 
system appeurs to be mere y relative and possibly only a secondary effect 
of the initial renal oddity. 


SUMMARY 


1. The Dalmatian dog converte! blood urie acid into blood allantoin less 
readily and completely then did the non-Delmatian. This, however, was 
a minor quantitative difference when considered in regard to its effect on 
uric acid excretion. 

2. The principal cause for the occurrence of large amounts of uric acid 
in the urine of the Dalmatian was found to be due to the fact that uric acid 
was excreted by this animal at the level of glomerular filtration without 
subsequent tubular reabsorption or excretion. ‘This inability to renbsorb 
uric acid results in decreased retention of the letter substance in the body 
and hence decreased pre diuetion and excretion ot allantoin. ‘| he total pro- 
duction and excretion of both purine end-products, however, was the same 


in the Dalmatian and non-Dalmatian dog. 
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THE URINARY EXCRETION OF CITRATE IN URANIUM. 
POISONED RATS* 


By FRANCES L. HAVEN anp CHALLISS RANDALL 


From the lh partment of fH whe mistry and Pharmacology, School of Medicine and 
Dentistry, The (niversity of Rochester, Rochester, New York) 


(Received for publication, May 13, 1948) 


The increased urinary excretion of citrate following administration of 
sodium bicarbonate has been noted by many investigators (1-9). During 
the course of work on the effect of uranium on various metabolic processes 
we wished to ascertain whether the kidney poisoned by uranium would 
excrete citrate to the same extent that a normal kidney does after admin- 
istration of sodium bicarbonate. Surprisingly, an increased excretion of 
urinary citrate was found to occur following a single sublethal dose of 
uranium nitrate. Studies of the urinary excretion of citrate following (a) 
a single dose, (b) increased doses, and (¢) repeated small doses of uranium 
nitrate and the possible relationship of such excretion to the phenomenon 
of tolerance constitute the substance of this paper. 


EXPERIMENTAL 


Adult Wistar strain rats were used throughout this investigation. Each 
rat was housed in a wire mesh cage on top of a glass funnel containing wire 
screening for separation of feces. Beneath the funnel stem, a graduated 
cylinder containing toluene served for collection of urine. Urinary volume, 
pH, and citric acid content were determined on 24 hour samples. 

Citric acid was determined by the method of Pucher, Sherman, and 
Vickery (10) modified as follows: (1) the oxidation mixture was decolorized 
with 3 per cent hydrogen peroxide at 10°; (2) the decolorized samples were 
shaken vigorously for 1 minute with petroleum ether for complete removal 
of pentabromoacetone from the aqueous layer (11); (3) petroleum ether was 
distilled once, allowed to stand several days over concentrated sulfuric acid, 
washed free from acid with distilled water, and redistilled; (4) dioxane was 
used as the color stabilizer (12); (5) color was developed by use of a sodium 
sulfide solution consisting of 4 gm. of NaeS-9H-eO per 100 ml. of water. 


* This paper is based on work performed under contract No. W-7401-eng-49 for the 
Atomic Energy Project at The University of Rochester and is taken from the thesis 
submitted by one of us (C. R.) to The University of Rochester in partial fulfilment 
of the requirements for the degree of Master of Science, June, 1946. 

Presented at the Thirty seventh annual meeting of the American Society for Phar- 
macology and I:xperimental Therapeutics at Chicago, May, 1947. 
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Among numerous substances tried by Pucher and others, the only one 
found to enhance the color given by citric acid in this method was B-hy- 
droxybutyric acid. In view of this fact, determinations of 8-hydroxy- 
butyric acid were carried out by the method of Behre (13) on samples of rat 
urine known to be high and low, respectively, in citric acid. No 8-hydroxy- 
butyric acid was found; therefore, it may be assumed that this substance 
did not contribute to the values reported as citric acid. 

All doses of uranium nitrate, UQo(NO,):-6HLO, were administered intra- 
peritoneally in aqueous solution. The single dose consisted of 2.5 mg. of 
the hexahydrate per kilo, a sublethal dose. When increased doses were to 
be given, an initial dose of 0.5 mg. of the salt per kilo was administered. 
14 days later a second dose of 0.5 mg. per kilo was given. Thereafter the 
dose was doubled every 12 days until the rat died. By this method toler- 
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Fic. 1. Relationship between the mortality following an intraperitoneal test dose 
(> mg per kilo) of uranium nitrate and the size of the preceding repre ated Intraper) 
toneal dose in adult female rats. The number of animals per point is given 


in parentheses. 


ance to ordinarily fatal doses has been produced in rats. Pepeated small 
doses of two different sizes were employed; one consisted of 0.33 mg. per 
kilo, an amount found to protect rats from a test dose of 5 mg. per kilo, 
which would have been lethal had no previous treatment been given; the 
other consisted of 0.11 mg. per kilo, which had been found to be too small 
to prevent mortality following the test dose (Fig. 1). The repeated doses 
were given in a program of eleven injections, one every other day for 


22 days. 


Su lls 


Excretion of Citrate Following Single Dose of Urantum Nitrate—-The ex- 
cretion of citrate (mz. of citric acid per 24 hours) and the body weight for 
a typical rat before and after 2.5 mg. per kilo of uranium nitrate was ad- 
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ministered are shown in Fig.2. In 3 days after injection the excretion rose 
to 3 to 4 times the normal level. By the 6th day excretion had returned 
to normal. ‘This was followed by a secondary rise 4 days later to 3 to 4 
times the normal level, and was maintained for at least 8 days. The body 
weight decreased from the time the animal received the dose of uranium 
nitrate until the secondary rise in citrate excretion began and then 
increased. 

Excretion of Citrale during Administration of Increased Doses of Uranium 
Nitrate—The excretion of citrate for one rat before and during the admin- 
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ric. 2. The urinary excretion of citrate expressed as citric acid (mg. per 24 hours) 


(@) and the body weight (gm.) (O) of an adult male rat following the intraperitoneal 
administration of 2.5 mg. per kilo of uranium nitrate. 


istration of increased doses of uranium nitrate is shown in Fig. 3. The 
output of citrate increased following the initial dose of 0.5 mg. per kilo and 
Was significantly higher than normal each time a larger dose was given. 
The final dose of 16.0 mg. per kilo was 3 times the fatal single dose of 5 mg. 
per kilo; thus a high degree of tolerance had been attained. Similar results 
were obtained for a second rat. 

Excretion of Citric Acid during Administration of Repeated Small Doses of 
Uranium Nitrate—The excretion of citrate during repeated administration 
of 0.33 mg. per kilo to one rat and of 0.11 mg. per kilo to another rat is 
shown in Fig. 4. During repeated injections of 0.33 mg. per kilo the ex- 
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Fic. 3. The urinary excretion of citrate expressed as citric acid (mg. per 24 hours) 
of an adult male rat during the intraperitonea! administration of increased doses of 


Nranium nitrate. A = death 
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cretion rose and was about twice the normal at the time the test dose of 5 
mg. per kilo was given. On the other hand, the rat that received repeated 
doses of 0.11 mg. per kilo exhibited only a transitory rise in excretion of 
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citrate, Which had returned to the normal level by the time the test dose of 
5.0 mg. per kilo was given. Tolerance was shown by the first rat, since it 
survived the test dose, while the second rat developed no tolerance and 
died. Similar results were obtained on two other rats given small doses of 
0.33 and 0.11 mg. per kilo, respectively. 


DISCUSSION 


According to current views (14) of the mechanism of uranium poisoning, 
a part of the uranium ts carried in the blood as the diffusible bicarbonate 
complex which passes through the glomerulus of the kidney and into the 
tubule. In progressing toward the distal end of the proximal third of the 
tubule the urine becomes more acid, owing to the resorption of base and 
bicarbonate without an accompanying resorption of non-volatile acid. 
Since the uranium-bicarbonate complex is unstable below pH 6.5, as the pH 
of the urine drops below this value uranium is freed to combine with protein 
of the tubule surface and cause damage. 

The administration of carbonate to dogs (15) and of bicarbonate to rats! 
(16) has been shown to prevent the toxicity of uranium nitrate. Likewise, 
sodium citrate administered either intravenously or orally to uranium- 
poisoned dogs promoted survival and ameliorated the symptoms of poison- 
ing (17-19). Oral administration of sodium citrate to rats was found by 
us to decrease the mortality to a dose of 5 mg. of uranium nitrate per kilo. 

Administration of sodium bicarbonate or of sodium citrate would tend 
to keep the urmary plIl high enough so that uranium would be present as 
the bicarbonate complex. Alkali administration would also increase uri- 
nary bicarbonate and citrate ions, which could form a complex with uranyl 
ions to prevent their combination with protein and consequent damage to 
the kidney tubule. 

The strong ability of citrate to form complexes with the uranyl ion has 
been repeatedly demonstrated (20, 21). If the urinary pH should fall be- 
low 6.5, as often happens in uranium poisoning, the uranium set free from 
its complex with bicarbonate could be prevented from combining with 
renal protein by the presence in the kidney tubule of large amounts of 
citrate. In the rat, the ability of the kidney to synthesize citrie acid 
(22) and. in the rabbit, to regulate the level of this substance in the blood 
serum (23) has been demonstrated. 

Evidence in support of the assumption that the uranium-citrate complex 
is stable in the présence of protein was obtained from an experiment de- 
signed to imitate the flow of urine through the kidney tubule. Two so- 
lutions were prepared, each of which contained 200 mg. of dialyzed albumin, 
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0.87 gm. of sodium chloride, and 600 y of uranium. To the experimental 
solution were added 1980 mg. of citric acid. The pH was adjusted to 5.0 
and the volume to 100 ml. Both solutions were filtered through a collodion 
membrane, and citric acid and uranium were determined on the protein- 
free filtrates. No uranium was found in the control filtrate, while in the 
experimental filtrate 81 per cent came through the membrane. Thus the 
uranium-citrate complex is diffusible, and citrate can prevent the combi- 
nation of uranium with protein at a pH as low as 5.0. Kat urines after 
poisoning have never been more acid than this. 

In the light of the evidence presented above citric acid might play an 
important role in tolerance to uranium. If citrate in the kidney tubule is 
effective in combating uranium poisoning, rats injected with uranium ni- 
trate when the urinary citrate is elevated should be able to survive larger 
doses of the poison. Both indirect and direct evidence in support of this 
assumption has been obtained. 

In experiments designed to test the best method of making rats tolerant 
to fatal doses of uranium nitrate, increased doses were given to one group 
at 10 day intervals and to a second group at 20 day intervals. The 10 day 
interval proved to be superior to the 20 day interval for producing tolerance. 
Examination of Fig. 2 reveals that at 10 days alter a single injection of 
uranium nitrate the excretion of citrate had begun to rise, while at 20 days 
the excretion was falling. More direct evidence ts obtained from Fig. 3, 
where it will be seen that each time an increased dose was given the ex- 
cretion of citrate was high. 

In spite of the fact that the excretion of citrate was high when each dose 
Wis given (hig. 3d), no greater percentage of the dose Was excreted in the 
48 hour period alter each increased dose than in the same period alter a 
singie dose. Moreover, the kidneys of rats made tolerant by repeated 
doses have been found to contain significantly smaller amounts of uranium, 
expressed as percentage of the total dose, than the kidneys of rats given a 
single dose. Since the amount of uranium excreted in the urine is depend- 
ent on the amount which filters through the glomerulus, the presence of 
citrate in the tubule would not be expected to increase the excretion of 
uranium but would prevent the toxic action of uranium by preventing its 
combination with protein. Because uranium is not excreted in larger pro- 
portions and is present in kidney in lesser amounts in “tolerant’’ rats 
than following a single dose, it is logical to assume that the uranium-citrate 
complex formed in the tubules is returned for the most part to the blood 
where the uranium, having formed a complex either as bicarbonate or cit- 
rate, would be carried to the bones and deposited (14). 

Additional evidence in support of the postulated role of citrate in toler- 
ance is obtained from the studies of citrate excretion following repeated 
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doses (Fig. 4). During the repeated dosage with 0.33 mg. of uranium 
nitrate per kilo, a dose and method known to produce tolerance to uranium, 
as is shown in I*ig. 1, the excretion of citrate rose and was about twice the 
normal when the test dose of 5 mg. per kilo was given. On the other hand, 
the dose of 0.11 mg. per kilo which was too small to produce tolerance 
(Fig. 1) caused only a transitory rise in excretion of citrate which had re- 
turned to normal by the time the fatal dose of 5 mg. per kilo was given. 

In conclusion, the available evidence indicates that the presence of ci- 
trate in the kidney tubule in concentrations above normal may account for 
acquired tolerance to the toxic action of uranium. 


SUMMARY 


1. Following administration to the rat of a single intraperitoneal dose of 
2.5 mg. of uranium nitrate per kilo, the urinary excretion of citrate rose in 
3 days to 3 to 4 times the normal level; return to the normal level was fol- 
lowed by a secondary rise of equal magnitude. 

2. When a rat received increased doses of uranium nitrate at 12 day 
intervals, the urinary excretion of citrate was high each time a larger dose 
was given. 

3. At the time of administration of 5 mg. of uranium nitrate to a rat that 
had previously received eleven injections of 0.33 mg. per kilo (a dose which 
causes tolerance) the excretion of citrate was twice the normal; when the 
repeated small! dose consisted of 0.11 mg. per kilo (a dose too small to cause 
tolerance), the urinary excretion of citrate was normal at the time the dose 
of 5 mg. per kilo was given. 

4. As an explanation for acquired tolerance to uranium, high concen- 
trations of citrate within the kidney tubule appear to result in formation of 
a soluble complex with the metal and thus protect against the toxic action. 
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MICROESTIMATION OF CITRIC ACID; A NEW COLORI- 
MEPRIC REACTION FOR PENTABROMOACETONE* 


By SAMUEL NATELSON, JOSEPH B. PINCUS, anno JULIUS K. LUGOVOY 


‘From the Department of Biochemistry and the Pediatric Research Laboratory, The 
Jewish Hospital of Brooklyn, New York) 


teceived for publication, April 5, 1948) 


In an earlier publication’ a method was described for the determination of 
eitrie acid in blood serum for amounts as low as 5 y. While this method 
permitted determinations on from 0.5 to 1.0 ml. of serum, a need was felt for 
a method which would be suitable for smaller amounts for children. This 
need was felt most acutely when samples were drawn at frequent intervals 
from the same child. 

The extinction coethcient tor the sodium sulfide color with pentabromo- 
acetone is relatively low, Ej. = 92. The development of a new col- 
orimetric reaction with a higher extinction coefficient was of critical 
importance in our studies. 

Investigation of various substances available containing suliur indicated 
that thiourea and substituted thiourea compounds form colored complexes 
with pentabromoacetone. For example, if a petroleum ether solution of 
pentabromoacetone is added to an alcoholic KOH solution containing 
thiourea, acetylthiourea, ethylthiourea, allylthiourea, sym-diethylthiourea, 
or sym-dimethylthiourea, vellow to greenish yellow colors are observed in 
the aleohol layer. In this strongly alkaline solution the colors slowly fade 
at room temperature. 

Thiourea was chosen for study because of its solubility in water, ease of 
purification, and availability. 

A 4 per cent thiourea solution dissolved in water exhibits a pH of 6.9. 
When this solution is shaken with a petroleum ether solution of penta- 
bromoacetone for 15 to 80 minutes, a pinkish color, resembling a dilute 
permangiunate solution, develops in the aqueous phase. This color has 
maximum absorption at 510 my. Addition of acid such as dilute acetic 
acid destroys the color. If the pink solution is now made alkaline to pH 11, 
ux yellow color develops which reaches its maximum intensity after 7 to 15 
minutes, with a maximum absorption at 460 mu. Both colors are stable 
ior at least an hour at room temperature. If the pentabromoacetone 
solution Is too concentrated, a precipitate of the pink complex will form. 


* Presented at the meeting of the American Chemical Society at New York, Sep- 
tember 15, 1947 
' Natelson, 5., Lugovoy, J. K.., and Pincus, J. B., J. Biol. Chem., 170, 597 (1947). 
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Although the pink-colored complex is converted to the yellow compound 
on addition of alkali, these compounds are not in dynamic equilibrium with 
each other. Addition of alkali causes the disappearance of the 510 mg 
peak, but the 460 mz peak does not form until several minutes later. 

For the purpose of analytical determination it is apparent that the pH 
had to be controlled in order to obtain a color with consistent extinction 
coefficient at one of the peaks. A procedure was developed, therefore, for 
the determination of citric acid in serum with the 460 my peak and pH 11, 

In one procedure developed, citric acid is converted to pentabromo- 
acetone as previously described,' and the pentabromoacetone is extracted 
from the petroleum ether layer with a 4 per cent thiourea solution in a 
buffer of pH 7. Before reading the color, the pH is brought to 11 with 
NaQH solution. For micro quantities (1 to 10 y) of citrie acid the colors are 
read in the Coleman spectrophotometer with the 3 ml. capacity cuvettes 
and a 5 em. light absorption path. For the Beckman spectrophotometer 
the color is developed in 1 ml. of solution and is read in the micro cups. 

A modification which has recently shown itself to be suitable and simpler 
is to extract the pentabromoacetone into a solution containing 4 per cent 
thiourea and 2 per cent borax or sodium pyrophosphate, the borax or 
sodium pyrophosphate maintaining the pI at 9.2. In this manner the 
extraction time Is less and the color may be read directly without changing 
the pH. The peak with a borax buffer is at 445 my end not at 460 muy as 
with the phosphate buffer at pH 11. The extinction coefficient, however, 
is approximately the same. 

The extinction coefficient plotted against wave-length for the thiourea- 
pentabromoacetone colors is illustrated in Fig. 1 for pH 11, 9.2, and 7. 

For micro quantities of citric acid (0.2 ml. of serum) commercially 
available 2 ml. Pyrex volumetric flasks, test-tube shape, with ground glass 
stoppers, were utilized for the extractions. A mark was scratched on these 
tubes at 0.4 ml. with a diamond pencil. The stoppers were ground in by 
hand, a Palo-Myers grinding paste being used to prevent leakage. Silicone 
grease was also used for this same purpose. 

A standard curve indicating that Beer’s law is followed is shown in Fig. 2, 

To prepare the standard curve, dilutions of the,citric acid stock solution 
are made. The same procedure is followed as is described for blood, except 
that the precipitation with trichloroacetic acid and the boiling down are 
omitted. In determining the total amount of citrie acid in the sample of 
unknown the resi!ts obtained from Fig. 2 must be multiplied by 6/5 to cor- 
rect for the 5/6 aliquot taken after protein precipitation. 

The curve as plotted from determinations on known amounts of citric 
acid actually represents 10/13 of the total amount of citric acid present, 
because a 10/13 aliquot of the petroleum ether, which contains the penta- 
bromoacetone, is taken. 
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Fic. 1. Absorption spectra of the pentabromoacetone-thiourea complex at pH 7.0. 
9.2, and 11.0 with 10 7 of pentabromoacetone made up tn 3.5 mil. of the buffered 4 per 
cent thiourea solution, 
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Fie. 2) Standard eurve obtained by plotting optical density against concentration 
of citric acid at 445 my in the Coleman spectrophotometer with 3 ml. cuvettes with a 
dem. light path; pH 9.2. 
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The procedures described have been used routinely in this laboratory for 
determination of citric acid for several months. When larger amounts 
of blood are available, the method may be adapted for determination in | 
ml. of serum. In this case the ordinary colorimeter (IXlett) may be used 
with a No. 44 or No. 47 filter. 3 

The specificity of the method is similar to that found for the sodium 
sulfide color. No measurable interference was found when aconitic acid, 
glucose, acetoacetic acid, hydroxybutyric acid, acetone, or pyruvic acid 
was added in amounts up to 50 mg. in determinations on 0.2 ml. of serum, 

This procedure has advantages over the sodium sulfide method in that 
the color is stable at room temperature and smaller quantities may be 
determined, for the extinction coefficient is approximately twice that of the 
sodium sulfide color. 

Typical results as obtained on four consecutive determinations are given 
in Table I. 


TABLE | 
Determination of Citric Actd in 0.2 Ml. of Blood Serum 
SampleNo. Citric acid Citric acid added 
Y 
5.08 4.00 >. 99.3 
2 2.67 1.67 1.74 104.0 
3 4.13 2.86 2.88 100.9 
4 3.25 1.50 1.44 96.0 
Method 
Reagents 
Citric acid. Stock solution, 1 ml. = 1 mg. of anhydrous citric aed 
(analytical reagent), made up in 1 N H,SO; This solution is diluted 1:100 
with water daily to prepare the dilute standard; 1 ml. = 10 y. 


Sulfuric acid. 18 N (analytical reagent). 

Potassium bromide-hbromine reagent. Distilled water is saturated with 
bromine. The saturated bromine water is decanted from the bromine. In 
this solution, KBr (reagent grade) is dissolved to make it 1 N with respect 
to KBr. 

Hydrogen peroxide. 6 per cent, made by diluting 10 ml. of 30 per cent 
H.O, (analytical reagent) to 50 ml. This solution is stored in a refrig- 


erator. 
Petroleum ether, b.p. 90-100°. The commercial product is allowed to 
stand over 0.1 of its volume of concentrated — ‘or several days. The 
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sulfuric acid is separated and the petroleum ether is washed several times 
with fresh sulfuric acid until the washings are colorless. The petroleum 
ether is shaken with saturated KMnQO, solution made up in 0.5 n H.SO, 
The mixture is shaken and allowed to stand for 30 minutes and the KMnO, 
is washed out with water. The petroleum ether is allowed to dry over 
K»,CO; (anhydrous), filtered, and distilled, the 90-100° fraction being 
collected. 

KMn0O;, solution. 5 per cent (reagent grade). 

Thiourea solution, pH 9.2. 2 gm. of Borax (analytical grade) are dis- 
solved in 100 ml. of 4 per cent thiourea. 

Procedure—O.2 ml. of serum is placed in a 3 mi. centrifuge tube and 1 ml. 
of 10 per cent trichloroacetic acid is rapidly blown in to precipitate the 
proteins in fine particles. ‘Towards the end, the pipette is allowed to drain 
in order to obtain an accurate measurement. The mixture is shaken and 
allowed to stand for 10 minutes. The tubes are stoppered and then centri- 
fuged at 2500 R.p.Mm. ‘The supernatant liquid is poured off as completely as 
possible into a clean test-tube, without disturbing the precipitate. A 1 ml. 
aliquot is taken and placed in a3 ml. test-tube with a ground glass stopper 
(2 ml. Pyrex volumetric flasks, test-tube shape) with a mark at 0.4 ml. 
0.04 ml. of 18 ~ H.SO, is added and the solution is evaporated to the 0.4 
m!. mark by placing the tube in an oil bath maintained at 100-120°. 0.04 ml. 
of the KBr-bromine solution is added to the cooled solution and the mix- 
ture is allowed to stand for 10 minutes. 0.1 ml. of the 5 per cent KMnO, 
solution is added. The tube is shaken and allowed to stand for 10 minutes. 
It is then cooled to approximately 10° by placing the tubes in the ice box or 
inanice bath. The exeess permanganate is decolorized with approximately 
2 drops (0.08 to 0.06 ml.) of cold 6 per cent hydrogen peroxide. 1.3 ml. of 
the purified petroleum ether is added to the tube from a burette, and the 
tube is stoppered with a minimum of silicone grease. The pentabromo- 
acetone is then extracted by shaking in a machine for 10 minutes. The 
tube is centriiuged for 5 minutes at 2000 R.p.m. A 1.0 ml. aliquot of the 
petroleum ether layer is taken and placed in a 7 to 12 rel. glass-stoppered 
centrifuge tube. 

3.) ml. of the thiourea solution, pH 9.2, are added, and the tube ts 
stoppered and shaken m a shaking machine for 5 minutes. The tube is then 
centrituged at 2000 r.p.m. for 5 minutes. The petroleum ether layer is 
aspirated off and enough of the aqueous phase to be read is pipetted into the 
3.0 ml. cuvettes with a 5 em. light absorption path. The density is read 
in the Coleman spectrophotometer at 445 me. The color is read against a 
thiourea buffer solution which has been treated in a manner similar to the 
unknown (2.e., extracted with petroleum ether and centrifuged). A read- 
ing is taken at 650 mu so as to correct for the difference in cloudiness be- 
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tween the unknown and blank. Most often the cloudiness correction js 
negligible. 

Two standards, 4 and 6 y content, are run to check the standard curve 
with each set of determinations. The slope of the standard curve may vary 
slightly from day to day if marked changes in room temperature occur or if 
the pH of the buffer should change. ‘This is noted and corrected for by the 
use of the standards. 


SUMMARY 


1. A colorimetric method is described for determiing citric acid jn 
biological fluids. Citric acid is converted to pentabromoacetone which js 
allowed to react with thiourea. : 

2. Thiourea and substituted thiourea compounds produce colored com- 
plexes when allowed to react with pentabromoacetone. The nature of the 
color produced varies with the pH of the solution. 

3. The method is accurate within 5 per cent for amounts ranging from 
1 to 20 y of citric acid as determined by recoveries added to serum. The 
intensity of the colors obtained with change in concentration follows Beer’s 
law. 
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Early work on the structure of penicillin quickly yielded information 
concerning the identity of the fragments which may be obtained through 
hydrolytic cleavage of penicillin. Such knowledge mace possible a system- 
atic study of the course of penicillin biosynthesis. It seemed probable 
that the fermentative production of penicillin might be limited by the 
capacity of the mold to form adequate amounts of essential intermediates. 
To test this thesis a comprehensive study was begun to determine whether 
degradation products, proposed metabolic intermediates, or similar sub- 
stances might be capable of stimulating the production of penicillin by the 
mold by acting as precursors. In this search we have been successful; the 
penicillin yield may be substantially increased by making certain additions 
to the media. 

Studies carried out in the Northern Regional Research Laboratory (1) 
had previously shown that the addition of small amounts of phenylacetie 
acid to the medium stimulated the production of penicillin in surface cul- 
tures but had little effect on the yields obtained in submerged cultures. 
An effort by these workers to demonstrate an influence on the type of peni- 
cillin produced was unsuccessful (1).! 

This effect of phenylacetic acid was regarded in many quarters as a prob- 
able stimulation by a plant hormone-like substance. In contrast, we held 
it likely that phenylacetie acid acted as a precursor in surface culture, and 
It Was suggested that some other substances would fulfill a similar function 
for submerged cultures. A considerable number of derivatives of phenyla- 
cetic acid have been found to be effective in stimulating the production of 
penicillin in submerged cultures. As has been pointed out, phenylacetic 


“Present address, University of California, Los Angeles, California. 
t Present address, Department of Chemistry, National University of Peking, 
Peiping, China. 

' Tt isevident that direct utilization of phenylacetie acid by the mold for penicillin 
formation will lead to the formation of benzylpenicillin, in which the acyl portion of 
the molecule is the phenylacety! group. 
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acid was not effective in submerged cultures with mold strains tested at the 
inception of this work. However, following the introduction of new and 
higher yielding strains, many compounds were retested, and it was found 
that phenylacetic acid is utilized by some of these strains (¢.g. Penteillium 
chrysogenum ©-176, X1612). 

Early efforts to obtain leads concerning the types of compounds that 
could influence penicillin production were made with strain NRRL 1976, 
For these tests a suboptimal synthetic medium was used, designed to supply 
sources of energy for the mold but not to allow optimal penicillin formation, 
Control flasks usually produced about 15 to 20 units of penicillin per ml. in 
48 hours. The test compound was added to such a medium in 0.0008 m 
concentration. Complete conversion of the precursor to penicillin would 
vield a broth assaying 475 units per ml.; utilization of only one form of a 
racemic compound would yield one-half this value. A washed suspension 
of the mold, which had been grown in corn steep medium, served as the 
inoculum. This test method was designated the “low’’ (1) method. 

It was realized, however, that a stimulation of yield on such a medium 
could be interpreted as being due to improvement of a suboptimal medium 
rather than to the effect of a direct precursor. For this reason a second 
test, designated the “high” (11) method was used. The medium was more 
complete. It included corn steep solids, 2nd normally yielded 100 to 120 
units per ml. In general, the two methods gave comparable results; 7.¢., 
compounds that stimulated production in Method L also stimulated pro- 
duction when tested by Method H. Additionally, it was proposed to use 
substances containing isotopic elements to obtain direct proof that the 
stimulating compounds actually functioned 2s penicillin precursors. ‘These 
latter experiments are described in Paper IT of this series. 

Table I presents the effect of a number of compounds on the yield of 
penicillin. More extensive data may be found in the monograph on 
penicillin (2). 

Marked specificity was evident in the ability of the mold to utilize com- 
pounds. This specificity applied to both the acyl and amide portions of 
the test compounds. It has been determined that differences in the ecy!l 
portion of the molecule are of importance because of limitations in the 
mold’s metabolic ability to incorporate these groups into the penicillin 
molecule. We may therefore conclude that under the conditions used in 
these tests the mold probably does not form penicillins which contain ben- 
zoy! or £-phenylpropiony! groups. Tlowever, in Table I it is seen that a 
y-phenylbutyryl compound provided good stimulation in yield. The peni- 

2 Assays were obtained by the pl ite method with Staph ylococcus Aureus, strain 


209P. We acknowledge with thanks the numerous assays performed by Dr. J. M. 
McGuire. The method is described in detail in the penicillin monograph (2). 
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cillin formed when N-(2-hydroxyethyl)-y-phenylbutyramide was used as 
the precursor Was isolated end identified as benzylpenicillin. This was 
interpreted as evidence that phenylbutyryl compounds are degraded by the 
mold with the loss of 2 carbon atoms. Proof of this interpretation is pro- 
vided in Paper IV in this series (3). 


TABLE I 
Effect of Various Compounds on Penicillin Production 
The tests were performed with strain NRRL 1976. Compounds were added at 
0.0008 m concentration. The numerical values represent the ratio, units in test 
container to units in control container. The following values were obtained with 
the ‘‘high 


method. 


N-Benzoyl-pi-valine 
N-(2-Aminoethyl)-phenylacetamide. 

2-Aminoethy! phenylacetate hydrochloride. ... 7 
N-Allylphenylacetamide 

N-Crotylphenvlacetamide 

Phenylacetylated pancreatic digest of casein (125 ) mg. 
N-8-Methylally!phenylacetamide 


N-(2-Acetoxyethyl)-phenylacetamide 41 
N-(2-Butyroxyethyl)-phenyvlacetamide 46 
N -(2-Isocaproxyethyl)-phenylacetamide 29 
N-(2-Ethoxyethyl) amide | . 20 
N-(2-Pentenyl)-phenylacetamide | 28 
N -(2-Ethyl-2-hydroxybutyl)-phe ace imide... | 
N-(2-Hydroxy-2-phenylethyl)-phenvlacetamide 0 
But 15 


yl pi-a@-phe ny lace tvlamino-n-valerate .... | 
(2-Ilydroxy-2-methy ipropy |). nvlacetamide 


The reasons for the marked specificity of the nitrogen moiety have not 
been determined. It has become evident that in these compounds this 
portion of the molecule is not direetly incorporated into the penicillin. Its 
function, therefore, sppears to be an indirect one and may be concerned 
with the availability of the acyl group to the mold. 

The effect of variation in the concentration of a precursor is illustrated 
in Table If. At concentrations of 0.01 per cent or less, it was still possible 


1.42 

1.0 

1.0 

1.0 
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to demonstrate, by the differential assay method,’ that the precursor 
affected the type of penicillin produced. 

Many of the compounds which were tested as precursors for benzylpeni- 
cillin do not appear to have been previously described. ‘They are presented 


in Table IV. 


EXPERIMENTAL 
Methods of Testing Precursors 


Low (L) Method—The vegetative inoculum was grown in cotton-stop- 
pered 1 liter Erlenmeyer flasks containing 200 ml. of a culture medium con- 
sisting of 20 gm. of lactose, 20 gm. of corn steep solids (American Maize 
Products), 0.5 gm. of monopotassium phosphate, 0.25 gm. of magnesium 
sulfate heptahydrate, 2 gm. of sodium nitrate, and 0.02 gm. of zine sulfate 
heptahydrate per liter. Seeding was accomplished with 0.5 ml. of a spore 
suspension of Penicillium notatum, strain NRRL 1976. As a source of 


II 
Lffect of N-Phenylacetyl-pi-valine on Strain NRRL 1976 


Concentration Molarity Units per ml. 
per cent 
Control 0 119 
0.01 | 129 
0.02 0.00076 195 


0.04 0.00152 182 
spores the mold was grown on Moyer and Coghill’s sporulation medium (4) 
in test-tube slant cultures. Suspensions of the spores were prepared by 
adding 10 ml. of water and brushing off the spores with a platinum wire. 
The culture was incubated for 3 to 5 days at 24° with continuous agitation 
on a reciprocating shaker (3 inch stroke, 100 strokes per minute). At the 
end of this period the broth was removed from the well forme: pellets by 
sterile filtration. The pellets were washed once with sterle water and were 
suspended in 100 ml. of a medium containing 1 gm. of monopotussium 
phosphate, 1 gm. of dipotassium phosphate, 1 gm. of magnesium sulfate 
heptahydrate, 2 gm. of sodium nitrate, 10 gm. of lactose, and 0.01 gm. of 
zinc sulfate heptahydrate per liter and adjusted to pHl 6.5. 

The pellets and medium from one flask were subdivided into four equal 
portions and were placed in 300 ml. Erlenmeyer flasks. ‘To one of these 
flasks, used as a control, were added 5 ml. of 0.02 Mm phosphate buffer, pH 


* The differential assay is the ratio of antibacterial activity for Bacillus subtilis to 
Staphylococcus aureus compared with that for pure benzylpenicillin, which is defined 


as 1.00. 
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6.5,and 15 ml. of water. ‘To the other three flasks were added the three sets 
of constituents to be tested. Each of the substances (0.00004 mole) to be 
tested in a given flask was dissolved in 5 ml. of 0.02 mM phosphate buffer, 
pH 7.0, and 5 ml. of water, and was adjusted to pH 6.5. This test solution 
was introduced into the Erlenmeyer flask through a Seitz filter, followed by 
10 ml. of water. ‘The set of flasks was shaken at 24° and samples were re- 
moved at suitable intervals for testing. Duplicate experiments were per- 
formed. 

High (H) Method—100 ml. of medium (containing 25 gm. of lactose, 20 
gm. of American Maize corn steep solids, 2 gm. of calcium carbonate, and 
0.044 gm. of zinc sulfate heptahydrate per liter) in a 1 liter Erlenmeyer 
flask were inoculated with 1.0 ml. of a spore suspension of strain NRRL 
1976. The flask was shaken for 2 days at 24°. 10 ml. of the germinated 
spores were then introduced into each of a series of 300 ml. Erlenmeyer 
flasks containing 40 ml. of a medium, double the concentration of constitu- 
ents in the original flask, to which had been added 25 ml. of water and 5 
ml. of 0.02 m phosphate buffer, pH 6.5, containing 6.4 * 10-5 mole of the 
test substance. Control flasks without addition of precursors generally 
yielded 100 to 120 units per ml. in 4 or 5 days. 

Penicillin from N-(2-Hydroxyethyl)-y-phenylbutyramide—The precursor 
(166 mg.) was added to a broth containing 25 gm. of lactose, 20 gm. of corn 
steep solids, 2 gm. of calcium carbonate, and 0.044 gm. of zine sulfate 
heptahydrate per liter. 225 ml. of broth in each 1 liter Erlenmeyer flask 
were inoculated with 0.5 ml. of a spore suspension of Penicillium notatum, 
strain NRRL 1976. The flasks were shaken at 25° for 5 days and har- 
vested. 5.4 liters of cold filtered broth, 150 units per ml., were extracted at 
pH 2.2 with 3.2 liters of cold amyl acetate. The amyl acetate was sepa- 
rated (in some instances the emulsion separated on standing for } hour; in 
other cases use was made of a small Sharples supercentrifuge), and the 
sodium salt .was prepared by stirring with three 50 ml. portions of 0.1 N 
sodium bicarbonate solution. The pH values of the aqueous extracts were 
in the range 6.9 to 7.2. An ethereal solution of the penicillin was prepared 
by acidifying the chilled aqueous solution to pH 2.1 with 10 per cent phos- 
phorie acid and extracting with three 50 ml. portions of alcohol-free ether. 
Assay of a sample of the ethereal solution indicated the presence of 455,000 
units of penicillin. 

A column was prepared for chromatographie purification of the penicillin. 
00 gm. of dry silica (a suitable material may be obtained from the G. Freder- 
ick Smith Chemical Company, Columbus, Ohio) were thoroughly mixed 
with 42.5 ml. of 1.5 mM potassium phosphate buffer, plI 6.2. The siliea, 
which still retained a dry appearance, was suspended in ether and trans- 
ferred to a glass tube 1 inch in diameter. Glass wool was used at the bottom 
of the tube to retain the silica. Additional ether was used in transferring 
the silica and a few pounds of air pressure were applied to obtain proper 
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packing. Care was exercised to keep excess ether on the column at al] 
times. The ethereal solution of the penicillin wes carefully poured into the | 
column, followed by successive 100 ml. portions of ether containing 0.5, L, 
1.5, 2, 2.5, and 3 per cent of methanol. The ether effluent was collected in 
100 ml. portions. At the conclusion of the development of the column the 
ether was allowed to drain from the silica. ‘The silica was removed in } ineh 
cuts and the penicillin was recovered from the portions of silica and ether 
by extraction with 0.067 m phosphate buffer of pll 7.0. Assavs on the 
various fractions indicated the distribution shown in ‘Table III. 
Fractions 5-6, 5-7, and 8-8, containing 69 per cent of the recovered units, 
were combined, extracted with three 40 ml. portions of cold chloroform at 
pH 2.2, and were further purified by use of a chloroform-phosphate buffer 
(pH 6.2) column. The development of the column was carried out with 
successive 100 ml. portions of chloroform containing 1, 2, and 3 per cent 


TasLe III 
Distribution of Penicillin from N-(2-Hydrozyethyl)-y-phenylbutyramide on Ether- 
Buff r (pH 6.2) Chromatograph ic Column 


Fraction Units Fraction Units 
S-1 14,600 S-10 10, O00 
5-2 5,000 S-11 28 000 
5-3 5,000 -7 1), 400 
s-4 None -6 7, 900 
5-5 5,400 GOO 
S-6 92 OOO 5.000 
S-7 152,000 None 
S-S 42 GOO 


methanol. 218,000 units were recovered in a single sharp band. The 
penicillin was extracted from the buffer solution with ether at pli 2.2 and 
the sodium salt was prepared with 0.1 N sodium hydroxide solution. The. | 
aqueous solution was dried from the frozen state, and the resulting dry so- 
dium salt was treated with 1 ml. of acetone. Partial solution followed 
by reprecipitation occurred. This precipitate was washed with several 
portions of dry acetone and was crystallized from 2 ml. of 99 per cent 
acetone by addition of 4 ml. of dry acetone. It was recrystallized in a 
similar manner. | 


Analysis—Sodium y-phenylpropylpenicillin, 
Calculated. C 56.23, H 5.51, N 7.31 | 
Sodium benzylpenicillin, 
Calculated. C 53.92, H 4.80, N 7.383 
Found. 
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The material assayed 1630 units per mg. and Fave a differential aSSaAy value 
of 0.99. These properties indicated that the product was benzylpenicillin. 


Preparation of Phenylacetylated Protein Hydrolysates 


Phenylacetylated Corn Steep Solids—20 gm. of American Maize corn steep 
solids were dissolved in 35 ml. of water. ‘The solution was cooled well, made 
alkaline with 5 N sodium hydroxide solution, and 10 ml. of phenylacetyl 
chloride and 45 mil. of 2.56 N sodium hydroxide solution were added in por- 
tions with vigorous stirring over a period of 5 hour. After an additional 
1 hour the mixture was acidified with 5 N hydrochloric acid and was shaken 
with several portions of ether. The ether extracts were combined, evapo- 
rated to dryness in vacuo, and the residue was dissolved in 50 ml. of ethyl 
acetate and precipitated with 50 ml. of petroleum ether. ‘The oily precipi- 
tate was returned to the acid aqueous solution, which was then adjusted 
to pH 6.5 with 5 N sodium hydroxide solution. 

Phenylacetylated Casein and Liver Hydrolysates—A pancreatic casein di- 
gest, a papain digest of casein, an acid-hydrolyzed casein, and a pancreatic 
digest of liver were each phenylacetylated in the manner described above 
for corn steep solids. 10 gm. of digest in 15 ml. of water were treated with 
10 ml. of phenylacety! chloride and alkali. 

The above hydrolysates were prepared in the following manner. 

Pancreatic Digest of Liver—4 kilos of freshly ground liver were incubated 
at 37° for 6 days with 800 gm. of freshly ground pancreas In a total volume 
of 16 liters. 53 gm. of sodium carbonate were added at the beginning of 
the reaction. ‘Toluene and chloroform were added as preservatives. At 
the end of the incubation period, hydrochloric acid was added in an amount 
equivalent to that of the sodium carbonate, and the mixture was heated 
to 90-94° for 15 minutes. After the addition of 25 gm. of Nuchar, the mix- 
ture was filtered, and the filtrate was evaporated to dryness in vacuo. 

Pancreatic Digest of Cascin—-150 gm. of casein were digested with 150 
em. of minced pancreas in a total volume of 3 liters. 19 gm. of sodium 
carbonate were added at the beginning of the reaction. ‘The subsequent 
procedure was the same as that described for the liver digest above, except 
that no decolorizing carbon wes used. 

Acid-Hydrolyzed Cascin—-Casein (800 gm.) was hydrolyzed by refluxing 
for 2) hours with 5 volumes of 26 per cent sulfuric acid. The sulfurie acid 
was removed quantitatively by addition of barium hydroxide. The pre- 
eipitated barium sulfate was removed by filtration and was thoroughly 
washed with hot water. ‘The aqueous solution was decolorized with carbon 


and was evaporated to dryness tn vacuo. 
Papain Digest of Casein —United States patent 2,364,008 of H. Stuart. 
Preparation of Miscellaneous Precursors—‘*Penillic acid”? was prepared 
by treating 500 unit commercial penicillin with dilute hydrochloric acid 


r 
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according to the directions for preparation of penillic acid from crystalline 
penicillin (2). The neutralized solution was used for the test. 

“Penicilloic acid”? was prepared from 500 unit commercial penicillin by , 
treatment with dilute sodium hydroxide solution at pH 11.5 for 2 hours, | 
‘The neutralized solution was used for the test. 

Preparation of Benzylpenicillin Precursors—A number of different meth- 
ods (as designated in Table IV) was employed in the preparation of the 
various compounds. 

Method A—A methyl or ethyl ester of the acyl portion of the molecule was 
heated at 100—150° for several hours with a slight excess of the appropriate 
amine. ‘The mixture was cooled and the product was recrystallized from 
appropriate solvents such as aleohol-ether, ethyl acetate, benzene-petro- 
leum ether, ete. Those products which did not crystallize were purified as 
follows: The solution of the compound in a solvent such as ether or ethyl 
acetate was washed successively with dilute acid, dilute alkah, and water. 
The solution was dried, and the solvent removed, finally by heating in a 
high vacuum. 

Method B—The regular Schotten-Baumann method was applied to the 
preparation of these compounds. N-Alkylphenylacetamides were purified 
as described under Method A. N-Phenylacetylamino acids were purified 
by precipitation from acidified solution, followed by recrystallization from 
appropriate solvents. 

Method C-—-A suspension of 22.5 gm. of N-allylphenylacetamide (Table 
IV) in 1800 ml. of water at 0° was treated dropwise with a solution of 10 
gm. of potassium permanganate in 300 ml. of water. The mixture was 
filtered and the filtrate was evaporated to dryness in vacuo. The residue, 
25.7 gm., was recrystallized from ethylene dichloride to yield 12.5 gm. of 
N-(2,3-dihydroxypropy])-phenylacetamide containing | molecule of water 
of hydration. 

Method D—A mixture of 29.6 gm. (0.4 mole) of trimethylenediamine, 34 
gm. (0.25 mole) of phenylacetic acid, and 0.3 mole of 4 N hydrochloric acid 
was heated to 250° during 1 hour. The melt was cooled, dissolved in 300 
ml. of water, and the solution was filtered and made alkaline with sodium 
hydroxide solution. The aqueous solution was extracted with ether and 
the ether extract was dried and evaporated, leaving N-(3-aminopropyl)- 
phenylacetamide as a crystalline solid. 

Method E—To a solution of 27 gm. (0.2 mole) of phenylacetamide in 200 
mil. of dioxane were added 7.8 gm. of potassium. After all of the metal had 
reacted, 18.1 gm. of 6-methylally! chloride were added, and the solution was 
heated under a reflux for 4 hours. The mixture was filtered and the filtrate 
vas evaporated in vacuo. The residue was taken up in warm benzene. 
The solution was filtered, evaporated, and the residue recrystallized several 
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TABLE IV 


Benzylpenicillin Precursors 


759 


Compound 


N-(2-Hydroxyethy])-phenyl- 
acetamide | 

N-Allylphenylacetamide 

N-(2-Methoxyethyl)-phenyl- 
acetamide 


N-(1-Hydroxyisopropyl)-phenyl- 


acetamide 
N-(2-Hydroxypropy])-phenyl- 
acetamide 
N-(1,3-Dihydroxyisopropy]l)- 
phenylacetamide 
N-(2,3-Dihydroxypropy]l) - 
phenylacetamide 
acetamide 
N-Crotylphenylacetamide 
N-(8-Methylallyl)-phenylacet- 
amide 
a-Phenylacetylamino-n-butyric 
acid 


N-(2-Acetoxyethyl)-phenylacet- | 


amide 


N-(2-Hydroxyethyl)-phenacetur- | 


amide 
N-(2-Hydroxyethyl-2-methyl- 
propy!)-phenylacetamide 
N-(1-Hydroxy-2-buty])-phenyl- 
acetamide 
N-(2-Hydroxybutyl)-phenyl- 
acetamide 
N-(1,1-Dimethyl-2-hydroxy- 
ethyl)-phenylacetamide 
N-(2-Hydroxyethyl)-y-phenyl- 
butyramide 
N-Ethy]-N -(2-hydroxyethy])- 
phenylacetamide 
N-(2-Ethoxyethyl)-phenylacet- 
amide 
N,N-Di-(2-hydroxyethyl)- 
phenylacetamide 
N-(2-Aminoethyl)-y-phenylbu- 
tyramide hydrochloride 


Empirical formula 


— 


C,,H,;NO 


Ci HisNO; 
CuHisNOs 
CyuHisNOs 


Cy2HisNO 


Croll, 
Ci2H 


G 


Method Nitrogen 
of prep- M.p. 
| aration Found 
| | | per cenl| per cent 
| A | 61 - 62) 7.81) 7.70 
B | 53 - 55! 8.00! 7.92 
| A | 80 - 81) 7.25} 7.20 
49 - 52 7.25] 7.18 
| 
| 129 -132) 6.69) 6.89 
| C | 38 - 40; 6.69 6.11 
D | 97 -100 16.08 15.63 
| E | 46.5- 48) 
| | | 
| B | 124 -126 6.33 6.44 
| | | 
| F | 75 -78 6.33' 6.290 
143-144 11.86 12.01 
| | 
| 67 -69| 6.27; 6.75 
| | 54 56} 6.76 6.82 
| | 
57 - 59| 6.76 6.81 
as Oil | 6.76 6.68 
« | 6.76| 7.40 
| “ | 72 73! 6.76} 6.82 
B | 47 -48, 6.76, 6.79 
| 
| 6.27, 6.75 


} 


95 - 98 11.57, 11.78 


by , 
h- 
a8 
te 
48 
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TaBLe IV—Concluded 


Compound 


«-(Phenylacetylamino)-8 ,8-di- 
methylacrylie acid 

N -(y,y-Dimethylally!)-pheny]- 
acetamide 


| 


N -(2-Pentenyl)-phenylacetamide 


N-Phenylacetyl-pL-penicill- 
amine 


N-Phenylacetyl-L-penicillamine 
N-Phenylacetyl-p-penicillamine 
N 


valine 


N-Phenylacetyl-pi-valine amide 


N-Phenylacetyl-pL-N-methy]- 
valine 

N-Phenylacetyl-pu-valine 
methyl ester 

N-Phenylacetylglucosamine 

N -(2-Ethyl-2-hydroxybutyl)- 
phenylacetamicde 

N -(2-Butyroxyethy])-phenyl- 
acetamide 

alanine 

N 
acetylaminoisovaleramide 

N -(2-Isocaproxyethy!)-phenyl- 
acetamide 

N-(2-Phenylethy!)-phenylacet- 
amide 

N -(2-Hydroxy-2-phenylethy])- 
phenylacetamide 

Butyl pL-e-phenylacetylamino- 
n-valerate 


*C.2H,,NO, calculated, C 76.15, H 7.99; found, C 76 


times from benzene-petroleum ether to vield 7.5 em. of N- 


phenylacetamide. 


Empirical formu 


C,-H,,NQO; 
CisH 


CiusH, 


Cider NO; 
CisH2NOs; 


3 


NO, 
CizHe.NO; 


Analysis—C,2H,sNO. Caleulated. C 76.15, 
Found. 7¢ 


sa 


Metho i | 


la of prep- 
aration 


| 


N 


M.p 
( alcu- 
lated | Found 
oC. ‘per cent per cent 
176 -177| 6.01) 5.99 


tit) 
Bite: 5.96 5.95 
123 o.24| §.9) 
32 134 0.24 5. 
119 -12] 5.02; 
195 -197) 11.97) 11.99 
104 8.62) 
53 O2 5 
214 -217 4.83 
85 - 5.95) 5.99 
45 5.62; 5.6 
G68 -~-100; 5.3 0.0 
Oi] 10.07 10.04 
5 OG 5.05 
83 - 86 5.86 5.54 


09, H 7.61. 


—~ 96 5.49 5.69 


(O-methvlally)- 


\ 

L, 

Ba 

B 
| 
13 
27 JS 1 75 
7.99 
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N-(y,y-Dimethylallyl)-phenylacetamide was prepared in the same man- 
ner with y,y-dimethylallyl chloride. 


Analysis—C,isH,i;NO. Calculated. C 76.81, H 8.43 
Found. 


Method F—<A solution of N-(2-hydroxyethyl)-phenylacetamide (Table 
IV) in dry pyridine was treated with 1 equivalent of the appropriate acid 
anhydride. ‘The mixture was heated at 60° for several hours and then 
poured into ice water. ‘The resulting oils, which soon solidified, were re- 
erystallized from alcohol-water. 

Method G-- ethyl y-phenylbutyrate was heated with excess ethylenedia- 
mine for several hours. ‘The volatile constituents of the mixture were 
removed by heating in vacuo. ‘The residue was dissolved in an alcohol- 
ether mixture, and the solution was treated with dry hydrogen chloride to 
precipitate N-(2-aminoethyl)-y-phenylbutyramide hydrochloride. 

Method H-—A solution of 1.5 gm. of N-phenylacetyl-pL-8-hydroxyvaline 
(Table IV) in 5 ml. of acetic anhydride was heated at 70° for 1 hour, and 
then evaporated to dryness in vacuo. To the residue were added 5 ml. of 
water and 6 ml. of acetone. The solution was heated under a reflux for 1 
hour. After removal of the acetone by distillation, a crystalline product 
separated. ‘The material was collected on a filter, washed with 1:1 chloro- 
form-petroleum ether, and reerystallized from 15 ml. of acetone to yield 1.0 
gem. of a-phenylacetylamino-@ ,8-dimethylacrylie acid. 

Method I1—-N-Vhenylacety]-S-benzy]-pL-penicillamine was prepared from 
phenylacety! chloride and S-benzylpenicillamine by the Schotten-Baumann 
method. It was recrystallized from ethylene dichloride, m.p. 66-68°. 


Analysis Caleulated, N 3.9; found, N 3.7 


A solution of 56 gm. of the N-phenylacetyl-S-benzyl-pu-penicillamine in 
29) mi. of liquid ammonia was treated with sodium in small pieces until a 
blue color persisted. ‘The excess sodium was neutralized with a little am- 
monium chloride and the ammonia was allowed to evaporate. The residue 
was dissolved in water and warmed under a vacuum to remove any residual 
ammonia. The N-phenylacetyl-pL-penicillamine was precipitated with 
hydrochloric acid and recrystallized from ethyl acetate-petroleum ether. 

Method J—A solution of 21.0 gm. (0.059 mole) of N-phenylacetyl-S- 
benzyl-p.-penicillamine in 50 ml. of methanol was treated with a solution 
containing 26.9 gm. (0.059 mole) of brucine. The crystals which separated 
on stunding were collected, washed with a little absolute alcohol, and air- 
dried. They weighed 20.5 gm., m.p. 108-109°. After three recrystalliza- 
tions from absolute alcohol, there were obtained 15.9 gm. of crystals of 
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constant rotation, m.p. 117-119°, [a]2° = —19.0° (in 1 per cent abso. 
lute aleohol solution). This salt, 14.9 gm., yielded 6.4 gm. of crude 
which after three recrystalliza. 
tions from 3:1 water-alcohol gave 5.5 gm. of pure acid of constant rotation; 
m.p. 141-142°, [a]?5* = —7.5° (in 2 per cent absolute alcohol solution), 

The filtrate from the first crop of the brucine salt was evaporated in vacuo 
to dryness. 200 ml. of water were added and the crystals, 20 gm., were 
collected on a filter and recrystallized from 4:1 water-alcohol to yield 15.8 
gm. of salt of constant rotation, m.p. 108-111°, [a]??"° = —3.75° (in 4 per 
cent absolute aleohol solution). From 14.8 gm. of this salt there were ob- 
tained 5.6 gm. of N-phenylacetyl-S-benzyl-p-penicillamine, m.p. 141—142°, 
fa]??? = +7.5° (in 2 per cent absolute alcohol solution). 

The N-phenylacetyl-S-benzylpenicillamines were converted to the re- 
spective N-phenylacetyl-t-penicillamine and N-phenylacety]l-p-penicilla- 
mine as deseribed under Method G, above. 

Method K—These compounds were prepared by the Schotten-Baumann 
method with sodium bicarbonate. 

Method L—Phenylacetyl-pi-valine was esterified with diazomethane in 
ether. The ester was recrystallized from ethyl acetate-petroleum ether. 

Method M—Phenylacetylvaline methyl ester was dissolved in 10 parts of 
methanol saturated at O° with ammonia. After standing at room tempera- 
ture for 4 days the solution was chilled. The erystalline amide was col- 
lected and recrystallized from alechol-water. 

Method N—10 gm. of DL-a-amino-n-valeric acid were esterified with 200 
mil. of dry n-butanol saturated with hydrogen chloride. The resulting ester 
hydrochloride was phenylacetylated with 11.5 ml. of phenylacetyl chloride 
and dilute NasCO; solution. The resulting oil was crystallized by cooling 
ina dry ice bath. Reerystallization from petroleum ether vielded 2.7 gm. 
of product. | 

Resolution of Phenylacetyl-pu-valine 


Phenylacetyl-pi-valine, 23.5 gm. (0.1 mole), was dissolved in 50 mil. of 
methanol and a solution of 46.7 gm. (0.1 mole) of brucine in 100 ml. of 
methanol was added slowly to it, with constant stirring. ‘The solution was 
allowed to stand in a refrigeracor overnight and no erystallization of the 
salt occurred. Most of the solvent was evaporated under reduced pressure 
and the oily mass left was dissolved in 400 to 450 ml. of hot water. After 
cooling, a crop of colorless needles was obtained which weighed 55.0 gm. and 
melted at 

The erystals were recrystallized five times from water; m.p. 105°, 
[a]™° = —9.0° (2 per cent absolute ethanol solution). The yield was 


D 


20.1 gm. 
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14 gm. of this salt were suspended in 100 ml. of water. Excess of dilute 
sodium hydroxide solution was added, ane the precipitate of brucine was 
filtered off and washed several times with water. ‘The filtrate was made 
acid by adding an excess of concentrated hydrochloric acid. The precipi- 
tate was filtered and washed twice with water and air-dried overnight; yield 
4.7 gm., m.p. 139-140°. Two reerystallizations from alcohol-water (1:3) 
gave the pure product, 3.2 gm., m.p. 139-140°, [a]™? = +9.6°, in 4 per 
eent absolute ethanol. It gave no depression in a mixed melting point 
determination with an authentic sample of phenylacetyl-p-valine. 

The filtrate from the first crop of brucine salt was evaporated to dryness 
under reduced pressure. ‘The residue was dissolved in 100 ml. of water and 
decolorized with a little charcoal. It was evaporated again to dryness 
under reduced pressure, 100 mil. of ether were added, and the solid collected. 
It weighed 15.0 gm., m.p. 105-108°. Four recrystallizations from water 
gave a product of constant rotation; yield 6.0 gm., m.p. 106-107°, [a]?° 
—19.6° (2 per cent absolute ethanol solution). 

The salt was converted into the free acid in the same manner as the iso- 
meric compound. From 6.0 gm. of the salt, 1.7 gm. of crude phenylacetyl- 
L-valine were obtained, m.p. 1350-132°. After four reerystallizations from 
aleohol-water (1:3), 0.42 gm. of a product of constant rotation was ob- 


28.7 


tained; m.p. 137-138°, [a]3°° = —9.0° (in 4 per cent absolute ethanol 


solution ). 


We are happy to acknowledge helpful discussions and suggestions con- 
tributed by Professor H. EK. Carter of the University of Illinois. The 
authors also express their gratitude to Dr. G. H. A. Clowes and Dr. E. C. 
Kleiderer for their interest in this work. The microanalyses were per- 
formed by W. L. Brown and H: L. Hunter. 


SUMMARY 


1. Methods have been described for evaluating compounds as precursors 
for benzylpenicillin. 

2. Addition to media of certain compounds containing the phenylacetyl 
group or of certain compounds which may be converted biologically to con- 
tain this group has resulted in increased production of benzylpeniecillin. 

3. Benzylpenicillin has been isolated after use of N-(2-hydroxyethyl)-y- 
pheny!butyramide as a precursor. 

4. Numerous compounds which have been tested as benzylpenicillin 
precursors (cf. (2)) have been prepared. 


‘ Valuable technical assistance has been given by Charlotte Harris, John O’Brien, 
and Dorothea Huff. 
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II. UTILIZATION OF IN 
PENICILLIN BIOSYNTHESIS* 


| By OTTO K. BEHRENS, JOSEPH CORSE, t REUBEN G. JONES, 
ay E. C. KLEIDERER, QUENTIN F. SOPER, anp 
F, R. VAN ABEELE 
(Prom the Lilly Research Laboratories, Indianapolis) 
L. M. LARSON anp J. C. SYLVESTER 
(rom the Abbott Laboratories, North Chicago) 
WILLIAM J. HAINES 
(From The Upjohn Company, Kalamazoo) 
AND HERBERT E. CARTER 
the Division of Biochemistry, Noyes Laboratory of Chemistry, 


Univers ity of [llinois, Urhana ) 
(Received for publication, February 28, 1948) 


In Paper I in this series (2) the stimulation of penicillin production by 
certain compounds containing the phenylacetyl group was reported. It 
was realized that a stimulation of vield of this biological product following 
addition of a given substance to the medium may result from any one of 
several possible metabolic mechanisms. ‘The stimulating substance may 
act as a Vitamin or growth promoter, as a building block to be incorporated 
into the organism, or it may be required to satisfy any one of several other 
types of metabolic requirements. Thus, the early observations of in- 
creased yields were subject to varied interpretations, and there was need 
for proof of the direct utilization of the substances in penicillin biosynthesis. 

To provide such proof the preparation and use as a precursor of deutero- 
phenylacetyl-N-valine was proposed (L, 1/3, 17).! Considerations in the 
choice of this particular compound included the knowledge that consider- 
able specificity was exhibited by both acyl and amide portions of the mole- 
cule, and the fact that the amide portion of the molecule contained a carbon 
skeleton similar to that in penicillamine. The deuterophenylacetyl-N»- 
valine was prepared in the Lilly laboratories (L, 23, 8) from deuterophenyl- 


* The work reported here in detail is briefly discussed in the monograph on peni- 
cillin (1). 

t Present address, University of California, Los Angeles, California. 

'The references give the number and page of reports made to the Office of Scien- 
tiie Research and Development. 
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acetic acid? and N"5-valine (L, 22,1). The cultural work and preliminary | 
purification were conducted in the Abbott laboratories and fina! purification | 
and crystallization of the penicillin was carried out in the Upjohn labors. - 
tories (U, 22, 8). The isotopic determinations were performed by Dr, | 
Rittenberg. By means of the deuterium analysis, it was shown that 925 

per cent of the penicillin obtained was derived from the precursor. In : 
sharp contrast the N™ content of the isolated penicillin was only 2.69 per 
cent of the value expected if the phenylacetylvaline had supplied | nitrogen 
atom to the penicillin. These results demonstrated that the phenylacetyl 
moiety appeared in the penicillin formed, but that the valine portion of the 
precursor was not directly utilized in penicillin formation. ‘The role of the 
amide portion of such precursors thus remains undefined. 


EXPERIMENTAL 

N"8-pi-Valine (L, 22, 1)—N-pi-Valine was prepared by the method of 
Knoop (3) as adapted for isotopic synthesis by Schoenheimer and Ratner 
(4). 

Ammonium nitrate prepared by the Eastman Kodak Company, contain- 
ing about 32 per cent of N“* in the ammonium moiety, was used. Ammonia 
was generated from 4.0 gm. (0.05 mole) of this ammonium nitrate and was 
absorbed in 35 ml. of ethanol containing 4 gm. of palladium black and cooled 
in a dry ice bath. After absorption of the ammonia was complete, 2.90 
gm. (0.025 mole) of a-oxoisovalerie acid (5) in 35 ml. of water were added. 

The mixture of isotopic ammonia and a-oxoisovalerie acid was hydro- 
genated under a pressure of 2 atmosplieres. Almost the theoretical amount 
of hydrogen was absorbed. ‘The excess N“ 1; was recovered as directed by 
Schoenheimer and Ratner (4). 

The contents of the hydrogenation vessel were treated with hot water, 
filtered, and evaporated to dryness in vacuo. Ethanol was added and the 
evaporation was repeated. The resulting white, microcrystalline powder 
was suspended in ethanol, collected on a filter, and washed with ether. 
After drying, the product weighed 1.26 gm. (48 per cent yield). 


Calculated,’ N 12.19; found, N 12.00 


(LL, 25,8)—A mixture of 2.90 gm. (0.021 
mole) of deuterophenylacetic acid (in which 41 per cent of the hydrogen 
atoms in the benzene nucleus had been replaced with deuterium) and 5 ml. 
of pure thionyl chloride was allowed to stand at room temperature for 18 
hours. The excess thiony! chloride, the hydrogen chloride, andthe sulfur di- 

? Sample furnished by Dr. David Rittenberg, College of Physicians and Surgeons, 


Columbia University. 
3? The calculate 1 value is based on 32 per cent N®. 
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oxide were evaporated at room temperature under a pressure of 5 to10 mm. 
The phenylacety] chloride was dissolved in 20 ml. of dry benzene. This ben- 
zene solution was added dropwise over a period of 10 minutes to arapidly stir- 
red solution of 2.60 gm. (0.022 mole) of the N'-p1-valine in 25 ml. of 2.6 n 
sodium hydroxide solution, cooled in an ice-salt bath. After the addition 
of the phenylacetyl chloride was complete, the cooling bath was removed, 
and the stirring was continued for 1 hour at room temperature. The ben- 
zene layer was separated and the aqueous layer was washed with 50 ml. of 
ether. ‘The combined benzene and ether solutions were washed with two 
15 ml. portions of water. The total water solution was acidified with hydro- 
ehloric acid. After standing, the precipitated oil erystallized. The 
product was collected, washed with a little water, dried, and then washed 
with 50 ml. of hot petroleum ether (b.p. 60-68°). The yield of white 
crystalline solid was 4.14 gm. (84 per cent). 


Analysis—C\;H,;;NOs. Calculated,‘ N 6.00; found, N 5.86 


Benzylpenicillin from isotopic 
precursor was sent to the Abbott laboratories where it was added at a level 
of 188 mg. per liter to a corn steep medium inoculated with Penicillium no- 
tatum, strain NRRL 1976. 

Approximately 5 liters of filtered broth assaying 95 units per ml. were 
chilled to 5°, acidified to pH 2.0, and extracted with amyl acetate. The 
amyl acetate solution was extracted with 3 per cent phosphate buffer solu- 
tion at pH 7.0. The phosphate buffer solution was chilled to 5°, acidified 
to pH 2.0, and extracted with chloroform. ‘lhe penicillin in the chloroform 
solution was converted to sodium salt by stirring with water and adding 
sodium hydroxide dropwise until the pH reached 7.0. The aqueous solu- 
tion was dried from the frozen state. 

This crude sodium salt was sent to the Upjohn laboratories for the isola- 
tion of the crystalline penicillin (U, 22,8). The sodium penicillin (352,000 
units, assaying 234 units per mg.) was further purified by use of an ether- 
silica-phosphate buffer (pH 6.2) chromatographic column (2). The four 
bands of activity that were noted accounted for 99 per cent of the units 
applied to the column. The benzylpenicillin band containing 191,000 units 
was converted to the sodium salt, yielding 175,000 units of material which 
assayed 790 units per mg. It seemed probable that the yield of crystalline 
product from this material would be insufhcient for adequate isotopic 
analysis. Hence, 100 mg. (an equal amount in terms of units of antibiotic 
activity) of analytically pure sodium benzylpenicillin were added. The 
combined material (821 mg., assaying 1150 units per mg.) was further puri- 


‘ The content of D and N® being taken into account. 
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fied over a chloroform-silica-phosphate buffer (pH 6.2) column. All the 
recovered activity, representing 91 per cent of the applied penicillin, was 
inasingle band. This material was converted to the sodium salt and was 
dried from the frozen state, yielding 230,090 units assaying 1590 units per 
mg. The product (145 mg.) was treated with dry acetone, in which it first 
dissolved, then reprecipitated, yielding 137 mg. of powder. The powder 
was dissolved in 0.65 ml. of 90 per cent acetone. Addition of 1.1 ml. of dry 
acetone to the solution yielded a first crop of crystals weighing 70 mg. 
This material, which consisted of typical benzylpenicillin platelets, was 
used for isotopic analysis. 
Analysis—C yH,zN,O.8Na. Calculated. C 53.92, H 4.81, N 7.83 
Found. “54.02, 5.10,** 8.02 


An additional 38.4 mg. of crystalline material were obtained from the 
mother liquors of the first crystallization. Thus a total of 108.4 mg. of 
crystallized material was recovered from the acetone-insoluble residue 
of 137 mg. 

Deuterium and N" determinations on the penicillin and on a sample of 
the precursor were performed by Dr. David Rittenberg. ‘The original 
phenylacetic acid used in the preparation of the precursor contained 26.7 
atom per cent excess deuterium (L, 28, 3). The phenylacety!valine con- 
tained 32.7 atom per cent excess N". The crystalline sodium benzylpeni- 
cillin isolated (which had been diluted during processing with an equal 
amount of non-isotopic benzylpenicillin) contained 5.81 atom per cent 
excess deuterium and 0.220 atom per cent excess N¥. 

Calculation shows that 92.5 per cent of the benzylpenicillin isolated was 
derived from the precursor as indicated by the deuterium analysis. 


0.0581 K 17 K 2 = 1.975 atoms of D in the isolated penicillin 
0.267 X 8 = 2.136 atoms of D in the original phenylacetic acid 
1.975/2.136 = 0.925 


In sharp contrast. only 2.69 per cent of the penicillin isolated was derived 
from the part of the precursor containing N°”. 
<x 2 = 0.0988 atom of N® per molecule of isolated penicillin 
1 = 0.327 atom of N® per molecule of phenylacetylvaline 


0.0088/0.327 = 0.0269 


SUMMARY 


The preparation of deuterophenvlacetyl-N"-pL-valine is described. 
Benzylpenicillin was isolated following use of this as a precursor. Deu- 
terium analyses demonstrated that the phenylacety! portion of the precursor 
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was incorporated directly into the penicillin. In contrast, very little N™ 
was found in the penicillin product. ‘Therefore, the rdle of the amide por- 
tion is still unknown. 
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IJ. PREPARATION AND EVALUATION OF PRECURSORS FOR 
NEW PENICILLINS 
By OTTO K. BEHRENS, JOSEPH CORSE,* DOROTHEA E. HUFF, 
REUBEN G. JONES, QUENTIN F. SOPER, anp 
CALVERT W. WHITEHEAD 


(From the Lilly Research Laboratories, Indianapolis) 
(Received for publication, February 28, 1948) 


Papers I and II in this series (1, 2) have presented data concerning the 
stimulation of biological production of benzylpenicillin by use of appropri- 
ate precursors, With proof that the acyl portion of these compounds (or part 
of it) appears in the penicillin. At a very early stage of this work serious 
consideration was given to the possibility of using a similar method to in- 
fluence the mold to form new penicillins. Preparation of a considerable 
series of compounds containing acyl groups other than those appearing in 
the natural penicillins was initiated. It soon became apparent that the 
mold possessed an amazing ability to utilize a wide variety of acyl groups, 
with the concomitant formation of new penicillins. These new penicillins 
were often produced in good yields (60 to 100 per cent of the total penicillin 
formed) and in a number of cases have been isolated in analytically pure, 
crystalline form. 

In spite of the fact that it was already known that the mold could produce 
several different natural penicillins, serious doubt had existed concerning 
the possibility of obtaining new penicillins. It is well known that most 
enzyme systems display a remarkable specificity. In many cases this spe- 
cificity issuch that only a single substrate is amenable to transformation, and 
only in a few cases do enzymes demonstrably exert wide multiplicity of 
action. ‘Thus, it seemed probable that the several natural penicillins were 
formed respectively by separate enzyme systems or by one enzyme able to 
synthesize a limited number of penicillins. 

Several criteria have been used in the evaluation of compounds as pre- 
cursors. It is obvious that final proof of the utilization of compounds must 
reside in isolation of analytically pure penicillins in which the identity of the 
acyl group may be established. However, in view of the considerable effort 
involved in such isolations, particularly with new compounds differing from 
one another in properties, other more simple criteria were found helpful. 

The simplest of these was the stimulation test. This test was first ap- 
plied in the evaluation of precursors for benzylpenicillin (1), and its general 
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validity for that purpose was demonstrated in numerous experiments, 
The stimulation tests with strain NRRL 1976 have been supplemented in 
many instances with tests in which the higher yielding Penicillium chrysoge- 
num, Q-176, was used. 

A stimulation in yield was observed with numerous compounds. Data 
obtained before the conclusion of the penicillin contract are contained in 
the monograph on penicillins (3). Subsequent experiments ere reported 
in this (ef. Table IT) and succeeding erticles in this series. The view has 
been generally justified that a stimulation may be interpreted as indicative 
of the utilization of the precursor. A few exceptions have been observed. 
In these instances, the increased yield must be explained on the basis of a 
function of the added compound other than that of precursor (cf. (2)). 

In contrast, an absence of stimulation or a diminution of total yield can- 
not be interpreted as lack of utilization of a compound, although this ts often 
the case. The stimulation of penicillin yield observed with many com- 
pounds may be explained through an increase in the total molar production 
of penicillins, augmented in some cases by the higher activity of the new 
penicillin. It is obvious that no significant stimulation will be observed if 
the new penicillin formed is only a small portion of the total produced, or if 
a new penicillin formed in good vield is less active on a molar basis than the 
aggregate of natural penicillins produced without use of & precursor. For 
these reasons, evaluation of new compounds as possible precursors requires 
criteria other than that of yield. 

Differential assays' on the broth obtained with a test compound have 
often been of assistance in determining whether a compound is utilized. 
The differential assay values are characteristic for the individual penicillins, 
and those for the natural penicillins vary from about 0.35 for n-hepty!peni- 
cillin to approximately 1.3 for p-hydroxybenzylpenicillin. With a fixed 
set of cultural conditions the proportions of the various natural penicillins 
formed by a given mold strain remain reasonably constant. Thus, ecm- 
parison of the differential assay value on a control broth with that on a 
broth obtained in the presence of a test ecmpound may indicate whether the 
proportion of the penicillins has been altered. Any such alteration may be 
interpreted as indicating the presence of a new penicillin. In some cases 
the new penicillin may have a differential assay value similar to that of the 
mixture in the control broth. For this reason, a failure to note a difference 
must not be considered as proof of lack of utilization of the test compcund. 


1 The differential assay is the ratio of antibacterial activity for Bacillus subtilis to 
Staphylococcus aureus compared with that for pure benzylpenicillin, which is defined 
as 1.00. A description of the method of determination is given in the monograph (3). 
We acknowledge with thanks the numerous assays performed by Dr. J. M. MeGuire 
of these laboratories. 
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An additional criterion has been of value in supplementing the stimula- 
tion tests and difierential assay determinations. During chromatographic 
purification and separation of penicillins (cf. (1)) it is well known that the 
various natural penicillins are found in differing positions on the column 
and in the filtrates. With a sihea column, phosphate buffer (pH 6.2), and 
ether, p-hydroxybenzylpenicillin is found at the top, n-heptylpenicillin is 
found in the filtrates, and other natural penicillins are found in intermediate 
locations. ‘These differences reflect variations in the distribution coeffi- 
cient of the various penicillins between the aqueous buffer and the organic 
solvent. 

After chromatographing the penicillin from a broth obtained in the pres- 
ence of a precursor, it Is often found that the distribution of the penicillins 
is markedly different from that observed with a control broth. In many 


TABLE I 
Comparison of Chromatographic Columns of Penicillin Obtained with and 
utlhout Precursor 
A = broth with no precursor; B = broth with N-(2-hydroxyethyl) -allylmercapto- 
acetamide. The figures give the units in each fraction. 


Fraction | A B | Fraction | A | B 
S-1 None 000,000 | | 700,000 | None 
S-2 3,600, 000 600,000 | 
< 300, 000 7,600, 000 <300,000 | 
S-4 < 300, 000 9 900 , 000 600,000 | 
S-5 700, 000 7, 200,000 F-3 | 1,600,000 | <300,000 
1. 200.000 1, O00 , 000 | | 3,500,000 | None 
S.7 900,000 <300,000 | F-5 2,100,000 | 

000 | None | | | 


5-8 


cases it is observed in a single rather sharp band. This phenomenon is 
illustrated in Table [. In the absence of a precursor, the penicillin was dis- 
tributed over most of the column, and a large fraction of n-heptylpenicillin 
was found in the filtrate fractions I-38, F-4, and F-5. In contrast, the peni- 
cillin formed in the presence of N-(2-hydroxyethy1])-ally]lmereaptoacetamide 
was found predominantly on the silica column in fractions S-3, S-4, and 
S-5 and very little activity was present in the filtrate fractions. 

Contrasts such as that noted above were often observed during the puri- 
fication of new penicillins. In most eases, however, small differences 
would be of doubtful significance because of the difficulties in preparing 
successive columns in exactly the same manner. Recently anew technique 
has been made available through the work of Craig and coworkers (4) that 
makes possible an accurate comparison of the distribution of compounds 
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between two solvents. We have utilized the Craig separation as an ex- 
ploratory tool in the following manner. Control and experimental broths 
were prepared under similar cultural conditions. The penicillin was recov- 
ered from the respective lots as described in the experimental section. The 
penicillin was dried from the frozen state and was subjected to the Craig 
separation technique. Approximately 20,000 units were used with ether 
and 2 m phosphate buffer, pH 4.8. 

Fig. 1 illustrates the distribution curves obtained from penicillin produced 
by Penicillium chrysogenum, Q-176, with (a) control (no precursor), (b) 
p-mercaptophenylmercaptoacetic acid, and (c) p-(N-p’-arsonopheny!sul- 
famy!)-phenylmercaptoacetic acid. It will be noted that the curve ob- 
tained with p-(N-p’-arsonophenvylsulfamyl)-phenylmercaptoacetic acid igs 
similar to that obtained with the contro] broth, and that differential assays 
of comparable samples are similar. It is concluded that this compound 
is not effectively utilized by this strain. It should be noted, of course, that 
the formation of a small amount of a new penicillin with a distribution 
coefficient such that it would be included in the large band in Tubes 7 to 15, 
and with a differential assay similar to the natural penicillins occurring in 
these tubes, would be dificult to detect. With p-mercaptophenylmercap- 
toacetic acid as precursor, the distribution curve is markedly different from 
that in the contro]. The large centrally located band is markedly dimin- 
ished and a considerable portion of the activity is found in Tubes 19 to 24. 
The differential assay values on these samples are higher than those ob- 
tained with a comparable control sample. Therefore, we may conclude 
that this compound serves as a precursor leading to production of a new 
penicillin with a differential assay value of 0.8 or higher. 

Under our conditions of testing, the distribution of penicillin was similar 
to that observed with control cultures when 8-(p-bromopheny])-isovaleryl- 
pL-valine served as the precursor with Penicilliwm notatum NRRL 1976 or 
when benzylsuccinic acid, 
p-chlorocarbobenzoxyglycine, N-(2- 
hydroxyethyl)-vinvlacetamide, N-(2-hydroxyethyl)-8-hydroxy-y ,y ,y-tri- 
fluorobutyramide, carbobenzoxyglycine, N-(2-hydroxyethyl)-phenylsul- 
fonylacetamide, or N-(8-phenylmercaptopropionyl)-DL-valine was used as 
precursor with Penicillium chrysogenum (©)-176. 

Additional information concerning such distribution studies will be re- 
ported in subsequent articles, along with the preparation of the respective 
compounds used as precursors. 

In a few cases efforts have been made to determine utilization of precur- 
sors by isolation, even though the stimulation data and other preliminary 
methods of evaluation were not encouraging. ‘These isolation efforts have 
demonstrated that the following compounds were not effectively utilized 
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Fig. 1. ‘Craig machine’ distribution curves. The numbers in parentheses 
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represent differential assay values on the samples indicated. 


under our cultural conditions: tryparsamide, 8 ,8-diphenylpropionic acid, 
N-allyl-8-chloropropionamide, and 2-thiophenecarboxylic acid (and several 
derivatives). 

Stimulation data for numerous compounds which were tested as possible 
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new penicillin precursors have been presented (3). The preparation of most 
of these compounds has not been described previously. The preparation 
and some properties of acids and certain derivatives of the following types 
are included in this paper: aryl carboxylic acids, a-substituted phenylacetie 
acids, aliphatic acids, aryl aliphatie (other than acetic) acids, and a miscel- 
luneous unclassified group. Subsequent papers in this series will deseribe 
the preparation of ring-substituted phenyvlacetic acids, substituted oxy- and 
mercaptoacetic acids, and polycyclic and heterocyclic acetic acids and their 
derivatives. 


EXPERIMENTAL 


Stimulation Tests—The tests were performed with Penicillin notatum 
NRRL 1976 by the “low” (L) and “high” (IH) methods described in Paper 
I in this series (1). Additional tests were performed with Penzei/lium 
chrysogenum (-176 with a medium containing 3 per cent corn steep solids, 
2.5 per cent lactose, and 0.5 per cent calcium carbonate or with a svnthetie 
medium containing 20 gm. of lactose, 10 gm. of ghicose, 4 gm. of ammonium 
acetate, 5 gm. of ammonium lactate, 3 gm. of monopotassium phosphate, 
0.25 gm. of magnesium sulfate, 0.02 gm. of zine sulfate, 0.02 gm. of ferrous 
sulfate, 0.02 gm. of manganous sulfate, 0.5 gm. of sodium sulfate, and 
9.0925 gm. of cupric sulfate per liter plus sodium hydroxide to pil 6.2. 80 
ml. of the synthetic medium were placed in each 500 ml. Erlenmeyer flask, 
and after sterilization, 10 ml. of a 2 day vegetative inoculum prepared in 
corn steep medium were added. 

“Craig Machine” Distribution Curves—A control broth (no precursor) 
and several experimental broths were prepared under similar cultural con- 
ditions. The broths were filtered to remove mycelial growth, chilled to 
0-5°, and, following acidification to pH 2.2 with 10 per cent phosphorie 
acid, were extracted with an equal volume of cold amyl acetate. The amy! 
acetate laver was separated, and the sodium salt of the penicillin was 
formed by addition of 0.1 N sodium hydroxide solution with stirring to pH 
7.5. The aqueous solution was separated and the amyl acetate was washed 
with a small portion of water with addition of small quantities of alkali as 
required to maintain the proper pH. The combined aqueous solutions 
were adjusted to pil 6.5 with chlute phosphoric acid and were dried from 
the frozen state. 

Approximately 20,000 units of crude penicillin obtained in this manner 
were carried through the separation procedure with 2 Mm phosphate buffer, 
pH 4.8, and ether in a manner similar to that described by Craig, Hoge- 
boom, du Vigneand, and Carpenter (5). The distribution of the penicillins 
over the twenty-five tubes was determined by microbiological assay of the 


penicillin content of each tube. The ether-phosphate mixture in each tube 
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was Withdrawn and a predetermined quantity of sodium hydroxide solu- 
tion was added to adjust the pH to 7.0 to 7.5. The resulting mixture was 
shaken and the phosphate layer was separated for penicillin determina- 


tion. 


Atlemplted Isolation of Peniecillins 


1. N-Allyl-6-chloropropionamide (122 mg. per liter) served as the pre- 
cursor With Penzeillrum notatum NRRL 1976. The penicillin was _ pro- 
duced and purified in a manner similar to that described in Paper I (1) for 
benzyipenicillin from N-(2-hydroxyethyl)-y-phenylbutyramide. All of 
the most active fractions on the ether chromatographic column were 
combined. ‘The chloroform column yielded a single, rather sharp band. 
The penicillin was recovered as the sodium salt, which was dried from the 
frozen state. Efforts to erystallize the dark vellow material failed. It 
assayed 900 units per mg. and gave a differential assay value of 0.64. 


Caleulated, Cl 10.8; found, Cl] 0.15 


2. 8,6-Diphenylpropionic acid (181 mg. per liter) was used as the pre- 
cursor With strain X-1612. A large portion of the activity recovered from 
the ether column was found in a broad band near the center of the eclumn. 
This materizl was further puritied by use of a chloroform column, and the 
recovered material was dried as the sodium salt. Treatment of the yellow 
powder with absolute acetone yielded a erystalline product. Some color 
was removed by Washing with acetone. Alter one precipitation trom 96 
per cent 2queous acetone by addition of 5 parts of anhydrous acetone, the 
penicillin assaved 1700 units per mg. and gave a differential assay value of 
0.84. The ultraviolet absorption spectrum? demonstrated the absence of 
the diphenyvipropionic group and indicated that the penicillin probably 
contained an aliphatie acyl group. 

3. Trvparsamide (440 mg. per liter) was added to a medium containing 
5) per cent of corn steep solids, 2.5 per cent of lactose, and 0.5 per cent of 
ealcium carbonate. 60 flasks, each containing 225 ml. of the medium, 
were inoculated with Penzerllium chrusogenum Q-176. After 5 days the 
broth was harvested, and the penicillin was purified. The ether column 
appeired to contain three bands. ‘The largest of these was further divided 
into two fractions on a chloroform column. No arsenic was detected in 
the lyophilized penicillin obtained from any of these fractions. 

}. 2-Thiophenecarboxylic acid was provided by the simultaneous use of 
(a) the acid (26 mg. per liter), (>) the pi-valine derivative (46 mg. per 
liter), (¢) the allylamide (33 mg. per liter), and (¢) the ethanolamide (34 mg. 


? The ultraviolet absorption data were obtained by Dr. W. W. Davis and T. V. 


Parke of these laboratories. 
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per liter). The fermentation was performed in a manner similar to that 
described for tryparsamide. The ether column showed considerable 
scattering. All fractions with appreciable activity were therefore re- 
combined. The chloroform column indicated the presence of a single 
band. The recovered penicillin was dried as the sodium salt. Attempts 
to crystallize the materia] failed. The amorphous residue assayed 970 
units per mg. and gave a differential assay value of 0.69. 


Calculated. N 8.04, 5 18.41 


It was concluded that none of the above isolations yielded the desired 
penicillin. Apparently these compounds are not transformed into penicil- 
lins in appreciable quantities under the conditions described. 

Preparation of Precursors—Table II lists some compounds which were 
tested as possible precursors for new penicillins, together with their stimu- 
lation values. If the compound is new, the method of preparation and 
some properties are also given. 

Method A. Amides by Schotten-Baumann Method—The acid chloride 
was allowed to react with the amino compound, allvlamine, ethanolamine, 
or DL-valine, in the usual manner in cold aqueous sodium hydroxide solu- 
tion or in cold chloroform solution in the presence of pyridine or an excess 
of the amino compound. ‘The amide was filtered or extracted from the 
aqueous phase. When chloroform was used, the solution was filtered free 
of solid and the amide was obtained by evaporation of the solvent. The 
majority of the amides were solids and were purified by reerystallization 
from ethylene dich'oride or ethyl acetate. The otls were either distilled 
or separated from volatile impurities by warming under reduced pressure. 

Method B. Amides from Esters—The ethyl or methyi ester was mixed 
with an excess of the amine, ethanolamine, allylamine, ete., and the mix- 
ture heated for 8 to 24 hours at 100-120°. The excess amine was removed 
by washing with dilute acid, or, when the amide was water-soluble, by 
warming 7m vacuo. ‘The amide was further purified by ervstallization from 
ethylene dichlo. ide or ethyl acetate or by distillation. 

Method C. Methyl 6-S-Ethylmercaptoprepionate-—Ethyl mercaptan (40 
gm.) was added in portions to 43 gm. of methyl aecrvlate and 2 drops of 
Triton B. The reaction was cooled when it became vigorous and the 
mixture then allowed to stand overnight; yield 61 gm., b.p. 109—-113° at 55 
mm. 

Method D. N-(2-Hydroxyethyl)-allylsulfinylacetamide—-A solution was 
prepared from 53.0 gm. of N-(2-hydroxvethy])-allylmereaptoacetamide (50) 
and 100 ml. of acetone. To this solution were added, with stirring, 33.0 
ml. of 30 per cent hydrogen peroxide solution. The resulting solution was 
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allowed to stand for 1 week and then the remaining solvent was evaporated 
ina current of air. ‘The residue was dissolved in a boiling mixture of 250 
ml. of ethyl] acetate and 30 ml. of methanol. This solution was filtered 
hot and allowed to cool, yielding 34.8 gm. of solid; m.p. 77-79°. Reerys- 
tallization was effected from the mixture of solvents or ethyl acetate 
alone, m.p. 81.5-82°. 

Method E. solution of 
44.5 gm. of N-(2-hydroxyethyl)-allylmercaptoacetamide (50), 1 liter of 
acetone, and 75 ml. of 30 per cent hydrogen peroxide solution was allowed 
to stand for 10 days. The volatile solvents were removed by a current of 
air, leaving an orange oil; yield 47.4 gm. after drying tn vacuo. 

Method F. Methyl B-Allyloxypropionate—The addition of 100 gm. of 
methyl acrylate to 200 ml. of allyl aleohol, in which were dissolved 5.3 gm. 
of sodium, produeed a gelatinous precipitate. The mixture was heated on 
the steam bath for 1 hour and poured into water. The mixture was ex- 
tracted several times with ether, the ether solution was dried, and the 


esters were distilled, b.p. 116-132° at 65 mm.; yield 50.3 gm., n°" = 
1.4312, which was mainly the methyl ester. 


Analysis —C7H1,.0;. Calculated, C 58.31, H 8.39; found, C 59.87, H 8.61 


20.4 


The second fraction, b.p. 120-130° at 65 mm., yield 23.5 gm., no"" = 
1.4394, was mainly the allyl ester. 


Analysis —C,H,,O;. Caleulated, C 63.51, H 8.29; found, C 63.06, H 8.60 


Method 
valine (51) was treated with p-chlorobenzoyl chloride and 5 N sodium hy- 
droxide solution according to the usual procedures. The yield was about 
9) per cent of large, white needles which melted over a range of 172—205°. 
The product was insoluble in ether, chloroform, benzene, and petroleum 


ether. A low mittrogen analysis suggested the presence of p-chlorobenzoie 
acid as a contaminant. This acid was removed by washing with ether and 


recrystallizing the residue from dilute ethanol to give silver flakes, m.p. 
204-206". 
Method H. Methyl 3 ,3-Dimethyl-y-pe nlynoale— -\ mixture of 130 gm. 
(1.55 mole) of freshly distilled dimethylacetylenecarbinol (52), 10 gm. of 
f ammonium chloride, and 225 ml. of concentrated 
hydrochloric acid was vigorously shaken in a stoppered flask for 4 hour 
while the temperature was maintained below 40°. Three such runs were 
combined. The non-aqueous layer was separated, washed with 200 ml. 
of concentrated hydrochloric acid and three 300 ml. portions of water, and 
dried over magnesium sulfate. Fractionation of the liquid yielded 160 
gm. (34 per cent) of 3,3-dimethyl-3-chloro-l-propyne; b.p. 77-79° (53). 
To a solution of 330 gm. (2.06 mole) of pure maloniec ester in 1 liter of 


cupric oxide, 5 gm. 
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absolute alcohol in which had been dissolved 46 gm. (2 gm. atom) of 
sodium, were added 194 gm. (1.88 mole) of 3,3-dimethyl-3-chloro-1. 
propyne. The temperature slowly rose to 70° during 3 hour. The mix. 
ture was kept at 60-65° for 45 minutes, refluxed for $ hour, and then al- 
lowed to stand overnight at 40°. The mixture was filtered and the filtrate 
was evaporated under a vacuum to remove most of the alcohol. The 
residual syrup was treated with dilute ice-cold hydrochloric acid and ex- 
tracted with ether. The ether solution was washed with water and dilute 
sodium bicarbonate solution, dried over magnesium sulfate, and the ether 
evaporated; the remaining liquid was fractionated zn vacuo through a 15 
inch Vigreux column. There were obtained 192 gm. (45 per cent) of 1,1- 
dimethyl-2-propynylmalonie ester, b.p. 102—104° at 3 mm. 


Analysis—C,oH,,50,. Calculated, C 63.70, H 8.02; found, C 62.92, H, 7.90 


A mixture of 190 gm. (0.88 mole) of the above ester, 400 ml. of 6 x 
sodium hydroxide solution, and 300 ml. of aleohol was warmed and stirred 
on the steam bath. The resulting solid was dissolved in 1500 ml. of hot 
water and the solution was partially evaporated under a vacuum on the 
steam bath to remove the alcohol. The cooled solution was washed with 
two 300 ml. portions of ether, acidified with sulfurie acid, and extracted 
with one 300 ml. portion and three 100 ml. portions of ether. The ether 
solution was dried over magnesium sulfate and the ether was removed, 
leaving 148 gm. (98 per cent) of crystalline dimethylpropvnylmalonie 
acid, m.p. 105-106° (from ether-petroleum ether). 


Calculated, 56.47, H 5.92; found, C 55.63, 5.88 


The crude acid (145 gm., 0.85 mole) was heated in a 500 mil. flask in 
an oil bath at 180-200° for 1 to 2 hours. Decarboxylation took place 
smoothly. The liquid product was distilled in a vacuum through a 15 
inch Vigreux column. It boiled at 75-77° at 2 mm., with a bath tempera- 
ture of 130°.) The vield was 9! gm. (85 per cent). 

A solution of 40 gm. (0.317 mole) of B,8-dimethyl-y-pentynoic acid in 
200 mil. of methanol and 10 ml. of concentrated sulfuric acid was allowed 
to stand at room temperature for 6 days and then worked up in the usual 
manner to vield 28 gm. (65 per cent) of methyl ester, boiling at 150-153°. 


Caleulated, C 68.53, H 8.63; found, C 68.10, S.S1 


Method gm. of chloroacet yival- 


ine were added with stirring to a solution of 10 gm. of phenyldichloroarsine 
in 30 ml. of 10 N sodium hydroxide solution according to the procedure of 
Quick and Adams (19). After 3 hours of stirring the solution was diluted 
with an equal volume of water, the precipitate was removed by filtration, 
and hydrochloric acid was added until the filtrate was neutral to phenol- 
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phthalein. After filtration, the solution was acidified to methyl orange. 
The precipitated oil crystallized when cooled. Reerystallization from 
water yielded 8.5 gm. of product, melting with evolution of a gas at 188°. 

Method J. m-Trifluoromethylphenylselenoacetic Acid—The Grignard 
reagent was prepared from 0.15 mole of m-trifluoromethylbromobenzene 
(54) with an excess of magnesium in dry ether. With stirring 0.15 gm. 
atom of selenium powder was added in portions during 10 minutes (17). 
The mixture was stirred for 15 minutes and then hydrolyzed by the drop- 
wise addition of 25 ml. of water, followed by 100 ml. of 2 N hydrochloric 
acid. The ether layer was separated, washed with water, and extracted 
with 65 ml. of 3 N sodium hydroxide solution. The aqueous extract was 
added to a solution of 0.15 mole of sodium chloroacetate in 100 ml. of 
water. After a few minutes the mixture was acidified with hydrochloric 
acid and extracted with ether. ‘The ether solution was washed with water 
and extracted with sodium bicarbonate solution, and the aqueous extract 
was acidified. The precipitated oil was collected in ether, dried, and 
distilled. The acid boiled at 140-142° at 7 mm., and crystallized after 
standing; m.p. 58.5-59.5°. 

Method K. y-Phenylmercaptobutyric Acid—A mixture of 28 gm. of 
sodium methoxide, 300 ml. of absolute ethanol, 56 gm. of thiophenol, and 
52 gm. of y-chlorobutyronitrile was boiled under a reflux and stirred over- 
night. ‘Che alcohol was then removed by distillation and water and ether 
were added to the residue. ‘The organic layer was washed with water and 
dilute alkah. Distillation in vacuo gave a fraction boiling at 135-137° at 
0.1 mm. (72 gm.) which was not analytically pure. However, hydrolysis 
of 31 gm. of this semipure nitrile with 16 gm. of potassium hydroxide, 20 
ml. of water, and 100 ml. of ethanol gave y-phenylmercaptobutyrie acid 
on dilution and acidification; m.p. 58-60°. 

Method L. Ethyl 6-Phenylmercaptovalerate—34 gm. of thiophenol and 
58 gm. of ethyl 6-bromovalerate were added to a solution of sodium ethoxide 
prepared from 6.9 gm. of sodium in 200 mil. of absolute alcohol. Stirring 
and refluxing were maintained overnight, whereupon the alcohol was dis- 
tilled and the residue was treated with water. The organic layer was 
separated with ether, washed with dilute sodium hydroxide solution, then 
with water, and dried over magnesium sulfate. The ester obtained on 


‘distillation boiled at 121—-124° at 0.2 mm. 


Analysis-—C,3H,s005. Calculated, C 65.51, H 7.61; found, C 65.30, H 7.48 


Method M. Methyl 6-p-Chlorophenyl-n-caproate—Ethyl hydrogen adi- 
pate (87 gm.) was converted to the acid chloride with 80 ml. of thiony! 
chloride. After removal of excess thionyl chloride, the crude product was 
treated with 100 gm. of chlorobenzene, 135 gm. of anhydrous aluminum 
chloride, and 350 ml. of carbon disulfide in the usual Friedel-Crafts manner. 
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The yield of ethyl 6-p-chlorobenzoylvalerate was 66.4 gm. After several] 
recrystallizations from ether-petroleum ether, it melted at 59-60°. 


Analysis—C,4H,7ClO;. Calculated, C 62.56, H 6.37; found, C 61.82, H 6.30 


Saponification of 53 gm. of ester with potassium hydroxide gave 36 gm. 
of 6-p-chlorobenzoylvalerie acid which could be recrystallized from dilute 
ethanol or ethanol-ether-petroleum ether, m.p. 134-136°. 


Analysis—C,2H,;;ClO;. Calculated, C 59.88, H 5.44; found, C 59.66, H 5.36 


36 gm. of 6-p-chlorobenzoylvaleric acid was heated under a reflux for 22 
hours with 60 gm. of amalgamated zinc, 38 ml. of water, 90 ml. of concen- 
trated hydrochloric acid, and 75 ml. of toluene (44). After cooling, ether 
was added and the organic layer was separated. The ethereal solution 
was extracted with dilute sodium hydroxide solution and then the aqueous 
extract was acidified. The crude acid was treated with methanol and 
sulfuric acid, yielding the ester; b.p. 122-125° at 0.4 mm. 

Analysis—C,;H,;ClOg. Calculated, C 64.85, H 7.12; found, C 64.75, H 7.12 


phenone (0.3 mole) was converted to ethyl 6-hydroxy-é ,6-di-p-chloro- 
phenylpropionate, m.p. 96—-97°, in 90 per cent vield by the Reformatsky 
method (55). 

Analysis— CyzHyCl.0;. Calculated, C 60.19, Hl 4.76; found, C 60.71, H 4.71 


The hydroxy ester (30 gm.) was dehydrated by warming in 100 ml. of 
benzene with 25 gm. of phosphorus pentoxide for 1 hour and the resulting 
unsaturated ester was saponified with sodium hydroxide solution to yield 
8 ,B-di-p-chlorophenylacrylic acid, m.p. 173-174°. 

Analysis—C,;H,,C)l,0O2. Caleulated, C 61.46, H 3.43; found, C 61.23, H 3.46 


The acid (29.3 gm., 0.10 mole) was hydrogenated in alcohol over 5 per 
cent palladium on charcoal at 4 atmospheres until exactly 0.10 mole of 
hydrogen wus absorbed. The yield of 6,8-di-p-chlorophenylpropionic 
acid, after crystallization from 150 ml. of benzene, was 21 gm. (71 per cent); 
m.p. 182-183°. 

Method O. 8,y-Di-p-Anisylbutyric Acid——Desoxyanisoin (77 gm., 0.3 
mole) and 50 gm. (0.3 mole) of ethyl bromoacetate in 150 ml. of dry 
benzene were heated to boiling and treated with 30 gm. of zine dust added 
in small portions. After refluxing for 1 hour the mixture was cooled, 
shaken with dilute sulfuric acid, and the benzene layer together with the 
benzene washings dried over magnesium sulfate. The benzene was 
removed and the residual product distilled in vacuo, whereupon dehydration 
took place and ethyl 8,y-di-penisylbutenoate was obtained as a viscous 
liquid, b.p. 221° at 2mm. The yield was 88 gm. (90 per cent). 

Analysis—CeoH22O0,. Calculated, C 73.59, H 6.79; found, C 73.83, H 6.68 


BEHRENS, CORSE. HUFF. JONES. SOPER, WHITEHEAD 791 


This ester was hydrogenated in alcohol over 5 per cent palladium on 
charcoal at 4 atmospheres and the reduced mixture was saponified with 
sodium hydroxide to furnish 8 ,7y-di-p-anisylbutyriec acid in 90 per cent 
yield; m.p. 167-168°. 


The authors express their gratitude to Dr. G. H. A. Clowes and Dr. E. 
C. Kleiderer for their interest in this work. The microanalyses were 


performed by W. L. Brown and H. L. Hunter. 


SUMMARY 


Methods are deseribed tor the evaluation of compounds as precursors 


for new penicillins. ‘These inelude stimulation tests, differential assays, i 
distribution studies with the “Craig machine” or with silica-buffer parti- | 
tion columns, and isolation work. | 
Data obtained by these methods are presented for a considerable group ; 
of compounds ineluding arvl carboxylic acids, a-substituted phenylacetic 
acids, aliphatic acids, aryl aliphatie (other than acetic) acids, a miscel- | 
laneous unclassified group of acids, and certain derivatives of these acids. a 
The preparation and some properties of new compounds belonging to ; | 
the above series are presented. | 


BIBLIOGRAPHY 


> 


1. Behrens, O. kK., Corse, J., Jones, R. G., Mann, M. J., Soper, Q. F., Van Abeele, 
F.R., and Chiang, M.-C., J. Biol. Chem., 176, 751 (1948). 
2. Behrens, O. K., Corse, J., Jones, R. G., Kleiderer, E. C., Soper, Q. F., Van Abeele, 


I. R., Larson, L. M., Sylvester, J. C., Haines, W. J., and Carter, H. E., J. Biol. i 
Chem., 176, 765 (1948). ef 
3. Clarke, H. T., Johnson, J. R., and Robinson, R., The chemistry of penicillin, : 
Princeton, chapter 19, in press. | 
4. Craig, L. C., J. Biol. Chem., 160, 33 (1943); 165, 519 (1944). Craig, L. C., j 
Golumbic, C., Mighton, Hf., and Titus, E., J. Biol. Chem., 161, 321 (1945). nf 
5. Craig, L. C., Hogeboom, G. H., Carpenter, F. H., and du Vigneaud, V., J. Biol. 


Chem., 168, 665 (1917). 
6, Drushel, A., and Holden, W. Am. J 40, 51] (1915); Chem. Zentr., 
143 (1916). 


7. Bruson, Hl. A., Niederhauser, W., Riener, T., and Hester, W. F., J. Am. Chem. | 
Soc., 67, 601 (1945). 


8. Jones, R. G., J. Am. Chem. Soc., 70, 143 (1948). 
9. Rietz, E., in Organic syntheses, New York, 24, 96 (1944). 
10. Kharaseh, M.S8., U.S. patent 1,672,615. 
11. Purdie, T., and Marshall, W., J. Chem. Soc., 69, 474 (1891). Seeger, N.V., U.S 
patent 2,393,000. 
12. Blicke, F. F., and Zientv, M. F., J. Am. Chem. Soc., 63, 2945 (1941). 


* Valuable technical assistance has been given by Lynnette Garrison, Charlotte 
Harris, Charleen W. McClain, John O’Brien, and F. R. Van Abeele. 


’ 
$ 
+4 
t 
44 
— 
} 
a 
i 


792 PRECURSORS FOR NEW PENICILLINS 


13. 


14. 
15. 
16. 


29 


St ot ot or 
we to 


Delacre, M., Bull. classe sc. Acad. roy. Belg., 7 (1906); Chem. Zentr., 1, 1233 
(1906). 

Kay, P., Ber. chem. Ges., 26, 2850 (1893). 

Doak, G. O., Steinman, H. G., and Eagle, H., J. Am. Chem. Soc., 62, 3012 (1940). 

Oakwood, T.S., and Weisberger, C. A., in Organic syntheses, New York, 24, 16 
(1944). 


. Morgan, G. T., and Porritt, W. H., J. Chem. Soc., 1755 (1925). 

. Gabriel, 8., Ber. chem. Ges., 14, 833 (1881). 

Quick, A.J.,and Adams, R.. J. Am. Chem. Soc., 4, 813 (1922). 
. Newman, M.S8., Fones, W., and Renoll, M., J. Am. Chem. Soc., 69, 718 (1947), 


Hessler, J. C., Am. Chem. J., 32, 120 (1904). 


. Wislicenus, W., Ber. chem. Ges., 27, 1093 (1804). 
. Pummerer, R., Ber. chem. Ges., 43, 1408 A910). 
. Holmberg, B., and Schjanberg, E., Ark. Kemi, Mineral. o. Geol., 18 A, No. 20 


(1942}; Chem. Abstr., 38, 2943 (1944). 


9. Mchenzie, A., and Clough, G. W., J. Chem. Soc., 93, 824 (1908). 
26. 
7. Thorpe, J. F., and Wood, A.S., J. Chem. Soc., 103, 1607 (1913). 

. Carter, H. E., Frank, R. L., and Johnston, H. W., im Orgamie svntheses, New 


Chambon, M.. Compl. rend. Acad., 186, 16350 (192s). 


York, 23, 13 (1943). 


. Linstead, R. P., and Williams, L. T. C.,./. Chem. Soc., 2741 (1926). 

. Fieser, L. F., and Seligman, A. M., J. Am. Chem. Soc., 60, 170 (1938). 

. van der Scheer, J... J. Am. Chem. Soc., 56, 744 (1934). 

. Neure, K., Ann. Chem., 250, 154 (1889). 

Wallach, Nachr. Gre Ss. Wiss. Goltinge fi, 2. } (1S909)- Che Mn. ne: (1899), 
. Fischer, E., and Sehmitz, W., Ber. chem. Ges., 39, 2214 (1906). 

. Bentley, W. H., Haworth, and Perkin, W. H., Jr., J. Chem. Soc., 69, 1608 (1896). 
. D’Alelio, G. F., and Reid, E. E., J. Am. Chem. Soc., 69, 111 (1937). 

. Somerville, L. F., and Allen, C. F. H., in Organic syntheses, New York, coll. 


2, 82 (1943). 


. Corse, J., and Rohrmann, E., J. Am. Chem. Soc., 70, 370 (1945s). 
. Smith, H. A., Alderman, D. M., and Nadig, F. W., J. Am. Chem. Soc., 67, 272 


(1945). 


. Miers, G.S., and Adams, R., J. Am. Chem. Soc., 48, 2385 (1926). 

. Katzman, M., U.S. patent 2,374,213. 

2. Darzens, G., and Levy, A., Compt. rend. Acad., 201, 902 (1935). 

43. Kehrer, E. A., and Igler, P., Ber. chem. Ges., 32, 1176 (1899). 

+. Martin, E. L., in Organic syntheses, New York, coll. 2, 499 (1943); in Adams, R., 


Organic reactions, New York, 1, 155 (1942). 


. Burger, A., J. Am. Chem. Soc., 60, 1533 (1938). 

. French patent, 693,620; Chem. Zentr.,1, 1018 (i931). 

. Cope, A. C., J. Am. Chem. Soc., 66, 721 (1934). 

. Harmon, J., and Marvel, C.8., J. Am. Chem. Soc., 64, 2524 (1932). 

. Swern, D., and Jordan, E. F., Jr., J. Am. Chem. Soc., 67, 902 (1945). 

. Soper, Q. F., Whitehead, C. W., Behrens, O. K., Corse, J., and Jones, R. G., 


J. Am. Chem. Soc., in press. 


. Fischer, E., and Scheibler, H., Ann. Chem., 363, 148 (1908). 

. Hurd, C. D.,and McPhee, W. D.,.7. Am. Chem. Soc., 69, 239 (1947). 

. Favorskil, A., and Favorskaya, T., Compt. rend. Acad., 200, 839 (1935). 
. Simons, J. H., and Ramler, E. O., J. Am. Chem. Soc., 66, 389 (1943). 

. Shriner, R. L., in Adams, R., Organic reactions, New York, 1, 1 (1942). 


ow?) 
24 
{ 
de 
*>*> 
34 
35 | 
36 
37 
17 
19 


BIOSYNTHESIS OF PENICILLINS 
IV. NEW CRYSTALLINE BIOSYNTHETIC PENICILLINS 
By OTTO kK. BEHRENS, JOSEPH CORSE,* JOHN P. EDWARDS, LYNETTE 
GARRISON, REUBEN G. JONES, QUENTIN F. SOPER, 
E.R. VAN ABEELE, ann CALVERT W. WHITEHEAD 


(rom the Lilly Research Laboratories, Indianapolis) 
(Reeeived for publication, February 28, 1948) 


Paper II] (1) in this series describes several tests which were found to be 
useful in determining whether a given compound is utilized by the mold in 
penicillin formation. To provide proof of the incorporation of various 
acyl groups into the penicillin molecule and to be able to determine the 
chemical characteristics and biological properties of the various penicillins, 
isolation and crystallization were required. 

Table V in chapter 19 of the penicillin monograph (2) lists some proper- 
ties of eleven new penicillins. ‘The experimental procedure followed in the 
preparation of these penicillins is deseribed here. Eighteen additional 
new penicillins have been crystallized and characterized (ef. Table I). 
One other penicillin, y-chloroallylmercaptomethylpenicillin has been 
partially purified but attempts to obtain a erystalline product have been 
unsuccessful. 

Each of the penicillins listed except Penicillins 4, 13, 15, 17, and 18 
gave satisfactory analytical values. Additional identitication was provided 
in many cases by comparison of the ultraviolet absorption curves of the 
penicillin and its precursor. It will be noted that p-bromobenzylpenicillin 
was isolated following the use of N-(y-p-bromophenylbut yrvl)-pi-valine 
as precursor. [ft is apparent that y-substituted butyric acid derivatives 
are effective In a manner similar to the corresponding substituted acetic 
acid derivatives and must undergo oxidative degradation with the loss of 
2 carbon atoms. 

Experimental details of the preparation of the precursors used in this 
vork will appear in other papers of this series. [Extensive biological tests 
have been undertaken to compare the properties of natural and biosynthetic 
penicillins. These studies will be reported elsewhere. 


EXPERIMENTAL 
p-Methoxrybenzyl penicillin! —N -(2-Hydroxyethyl)-p-methoxyphenylacet- 
amide (170 mg.) (3) was added to a broth containing 25 gm. of lactose, 


* Present address, University of California, Los Angeles, California. 
‘A number of these penicillins have been described in reports to the Office of Sci- 
entific Research and Development. 
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20 gm. of corn steep solids, 2 gm. of calcium carbonate, and 0.044 gm. of 


zinc sulfate heptahydrate per liter. 


200 ml. of broth in each 1 liter Erlen- 


meyer flask were inoculated with 10 ml. of a 2 day vegetative inoculum of 


TABLE I 


New Crystalline Biosynthetic Penicillins 


Penicillin formed Precursor used Activity ential 
assay* 
unils per mg. 
1. Cyelopentylmethyl- N -(2-Hydroxyethyl)-eyclopen- 2080 0.72 
tvlacetamide 
2. p-Methylbenzy]- N-(2-Hydroxyethyl)-p-tolyl- 2280 0.73 
acetamide 
3. p-Allyloxybenzy]- N-(2-Hydroxyethyl)-p-allyloxy- 1440 0.87 
phenylacetamide 
+. Methylmercaptomethy!- Methylmereaptoacetic acid 900 (?) | 1.50 
5. Ethylmercaptomethy! Ethylmercaptoacetic 1310 0.93 
6. n-Propylmercaptomethyl- = n-Propylmercaptoacetic “ 2550 0.55 
7. Isopropylmereaptomethyl-  Isopropylmercaptoacetic “ 1900 0.72 
8. Allylmercaptomethyl- N -(2-Hydroxyethyl)-allylmer- 1630 0.76 
captoacetamide 
9. 8-Bromoallylmercapto- B-Bromoallylmercaptoacetic 2030 0.7] 
methyl- acid 
10. n-Butylmercaptomethy! n-Butylmercaptoacetic acid 5400 0.53 
11. Isoamylmercaptomethy!- Isoamylmercaptoacetie 2900 0.54 
12. m-Trifluoromethylpheny! m-Trifluoromethy!phenylmer- £900 0.86 
mercaptomethy! captoacetic acid 
13. y-Phenylpropylmercapto- y-Phenylpropylmercaptoacetic 1600 (? 0.54 
methvl- acid 
14. 8-Phenoxyethylmercapto 8-Phenoxyethyl mercaptoacetic 1100 0.84 
methyl- acid 
15. N 2100 (? 0.9] 
methyl- yilmercaptoacetamide 
16. Phenviselenomethy! Phenylselenoacetic acid 2660 0.74 
17. p-Methoxyphenoxy.- N -(2-Hydroxyethyl) -p- 1120 0.92 
methyl- methoxyphenoxyacetamide 
18. 3-Thiophenemercapto 3-Thiophenemercaptoacetie 2000 0.76 


methyl- 


acid 


* The differential assay represents the ratio of activity of Bacillus subtilis to 
Staphylococcus aureus compared with that for pure benzylpenicillin, which is defined 
as 1.00. We acknowledge with many thanks the numerous assays performed by 
Dr. J. M. MeGuire 


Penicillium notatum, strain NRRL 1976, grown on a similar medium 
without the precursor. 
harvested. 


The flasks were shaken at 25° for 4 days and 
9.1 liters of cold filtered broth, assaying 83 units per ml., were 


‘ 

i 


n- 
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extracted at pH 2.2 with 0.6 volume of amyl acetate. The further purifica- 
tion was carried out in a similar manner to that described for benzyl- 
penicillin (4). The principal band on the ether column was in a position 
similar to that occupied by benzylpenicillin on other comparable columns 
and represented 79 per cent of the penicillin recovered from the column. 
The principal band on the chloroform column represented 92 per cent of 
the recovered units. 60 mg. of sodium salt were obtained on drying from 
the frozen state. On treatment with | ml. of acetone partial solution 
followed by reprecipitation occurred. The material was washed with 
5 ml. of absolute acetone and was crystallized in the form of needles from 
] mi. of 90 per cent Aqueous acetone by addition of 4 ml. of acetone. ‘The 


sodium p-methoxybenzylpenicillin thus obtained assayed 1510 units per 
r 720 / 
mg. and gave a diiferential assay value of 0.82. [a],° = +278° (0.3 per 


cent in water). The ultraviolet absorption curve was in good agreement 
with that observed for the precursor.’ 

Analysis-—-CizHiygN2O;SNa. Calculated. C 52.86, H 4.92, N 7.25, OCH; 8.03 

Found. “Gaol, ** 4,90." 
2-Thiophenemethy!penicillin—The precursor used to obtain this penicillin 
was N-(2’-hydroxvethyl)-2-thiopheneacetamide (150 mg. per liter) (35). 
The procedure followed in the culture and purification was similar to 
that deseribed for p-methoxybenzylpenicillin. 91 per cent of the penicillin 
recovered from the ether-silicn column was in a single band which occupied 
a position similar to that in which benzylpenicillin is found in comparable 
columns. ‘Lhe principal band on the chloroform column contained 93 per 
cent of the total activity. The sodium salt, dried from the frozen state, 
weighed 213 mg. and assayed 1400 units per mg. The dry material was 
washed repeatedly with small portions of acetone. Crystallization in 
clusters of plate-like crystals occurred on solution in 2 ml. of 90 per cent 
acetone, followed by addition of 2 ml. of dry acetone. The sodium 2- 
thiophenemethylpenicillin thus obtained assayed 1685 units per mg. and 
gave a differential assay value of 1.13. [a]s? = +265° (0.3 per cent in 
water). The ultraviolet absorption curve was in good agreement with 
that observed for the precursor with a characteristic absorption at 234 mu.? 

Analysis—C,,H,i;N20,S.Na. Calculated. C 46.40, H 4.17, N 7 17 


p-Chlorobenzylpenicillin——_p-Chlorophenylacetyl-pL-valine (220 mg. per 
liter) (3) was used as the precursor for this penicillin. The procedure 


previously outlined for the preparation of p-methoxybenzylpenicillin was 


see the figure, chapter 19 (2) 


of 
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followed. ‘The principal band on the ether-silica column occupied 4 
position approximately similar to that occupied by n-heptylpenicillin jp 
control columns. 92 per cent of the recovered units were found in this 
band. 97 per cent of the units recovered from the chloroform column 
were present in fractions that gave some indication of the presence of two 
peaks. The material was rechromatographed on a second chloroform. 
silica column, and, in spite of more extensive development of this column, 
showed no evidence of separation into two bands. <A light yellow solid 
was obtained on drying the sodium salt from the frozen state. ‘The solid 
material was washed with several portions of acetone and was crystallized 
(large clumps of needles) from 2 ml. of 90 per cent acetone by addition of 
4 ml. of acetone. After one recrystallization the sodium p-chlorobenzyl- 
penicillin assayed 2450 unii., per mg. and gave a differential assay value of 
0.73. [a]? = +260° (0.3 per cent in water). The ultraviolet absorption 
curve was in good agreement with that observed for the precursor.’ 

Analysis—CysH sCIN:O;SNa. Calculated. C 49.17, H 4.12, N 7.17, Cl 9.07 

nicllin—Both (230 
) and (3) have 
been used as pre@@@sors. With the former compound the following results 
were obtained. yw desired band or the ether-silica column contained 
38 per cent of the recovered units and was located Just above the band of 
2-pentenylpenicillin. No further separation into bands oceurred on the 
chloroform column. The sodium salt was dried from the frozen state. 
The material was soluble in acetone, allowing separation of a small amount 
of inorganic material. After several hours, crystallization took place in 
clusters of very fine needles. Due to insufficient material, recrystallization 
was not attempted. The ultraviolet absorption spectrum was in good 
agreement with that found for the precursor with a characteristic peak at 
276 mu.2 The material assaved about 1700 units per mg. and gave a 
differential assay value of 0.86. 

p-Fluorobenzylpenicillin—The precursor used to obtain this penicillin 
was N-(2-hydroxvyethyl)-p-fluorophenylacetamide (160 mg. per liter) (3). 
80 per cent of the penicillin recovered from the ether-silica (pH 6.2) 
chromatograpi@® column was in a single band. When this material was 
subjected to ###ther purification on a similar chloroform column, 98 per 
cent of the overed activit’ 2s found in a single band. The sodium 
salt was prepared by use of 0.. N sodium hydroxide solution, and was dried 
from the frozen state. Solution and precipitation occurred on treatment 
with dry acetone. The solid material was purified by two crystallizations 
from 90 per cent acetone by addition of 4 parts of absolute acetone. The 


p-Nitrobenzyl 
mg. per liter) 
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sodium p-fluorobenzylpenicillin thus obtained assayed 1650 units per mg. 
and gave a differential assay value of 0.89. The ultraviolet absorption 
curve of the penicillin and its precursor are recorded in the penicillin 
monograph.? 


Calculated. C 51.33, H 4.31, N 7.49, S 8.56 


Analysis 


m-Fluerobenzylpenicillin—N -(2-Hydroxyethy] )-m-fluorophenylacetamide 
(160 mg. per liter) (3) was used as the precursor. The principal band on 
the ether-silica buffer (pH 6.2) chromatographic column contained 93 per 
cent of the recovered units. On the chloroform column, 98 per cent of the 
penicillin separated in a single band. A light yellow solid was obtained 
when the sodium salt was dried from the frozen state. The material was 
treated with absolute acetone, and was twice crystallized from 0.4 ml. of 
90 per cent acetone by addition of 1 ml. of dry acetone. The sodium 
m-fluorobenzvipenicillin thus obtained assayed about 2220 units per mg. 
and gave a differential assay value of 0.76. The penicillin monograph? 
contains the ultraviolet absorption curves for this penicillin and its 


precursor. 


Analysis—CyeHigk NsO.S Na. Calculated. C 51.33, H 4.31, N 7.49, S 8.56 
Found. "68.47," 4.38, 


o-Fluorobenzylpenicillin—he precursor used was N-(2-hydroxyethyl)- 
The activity recovered 


o-fluorophenvlacetamide (160 mg. per liter) (3). 
from the ether-silica column separated in a single band. In the sub- 
sequent chloroform cohimn, 95 per cent of the recovered activity Was in a 
The lyophilized sodium salt was erystallized by treatment 


single band. 
After washing with absolute acetone, the sodium 


with absolute acetone. 
o-fluorobenzylpenicillin was purified by recrystallizing twice from 90 per 
cent acetone by addition of 38 volumes of absolute acetone. The purified 
material assayed 1340 units per mg. and gave a differential assay value of 
1.08. The ultraviolet absorption spectrum was in good agreement with 
that found for the precursor.’ 
Analysis—CyHigF N2O,8Na. Calculated. C 51.33, H 4.31, N 7.49, S 8.56 
p-Bromobenzylpenicillin—TVhe precursor used to obtain this penicillin 
was N-(p-bromophenylbutyryl)-pL-valine (270 mg. per liter) (1). Assays 
on the various fractions and percolates of the ether-silica column and the 
chloroform-silica column showed the presence of only one band. The 
penicillin recovered from the chloroform column was extracted as the 
free acid with ether and converted to the sodium salt. The aqueous 
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solution was dried from the frozen state, and the yellow, hygroscopi 
powder thus obtained was treated with absolute acetone. Crystallizatioy 
occurred. The material was purified by two crystallizations from 90 per 
cent acetone by addition of 2} parts of absolute acetone. The sodium 
p-bromobenzylpenicillin thus obtained assayed 2270 units per mg. and 
gave a differential assay value of 0.65. The ultraviolet absorption curves 
of this penicillin and of the precursor, N-(2-hydroxyethyl)-p-bromophenyi. 
acetamide, are given in the penicillin monograph. ; 


Analysis—C eH wBrN2O,SNa. Calculated. C 44.14, H 3.71, N 6:44 
Found. “44.36. 3.93, 6.55 


CisHl.oBrN.O.SNa. Calculated, C 46.66, H 4.35, N 6.08 


p-lodobenzylpenicillin—The precursor used was N-(2-hydroxyethyl). 
p-iodophenylacetamide (240 mg. per liter) (3). 93 per cent of the activity 
recovered from the ether cclumn appeared in a single band. No further 
separation into bands occurred on the chloroform-silica column. The 
lyophilization and crystallization were carried out in a manner similar to 
that previously described for benzylpenicillin. The supply of this peni- 
cillin was inadequate for proper purification. 


Calculated. N 5.81, 1 26.32, S 6.65 
Found. 6.58.22. 


The ultraviolet absorption spectrum agreed well with that found for the 
precursor with a characteristic peak at 233 myu.? The preparation was 
repeated on a larger scale with the same precursor (320 mg. per liter) with 
strain Q-176. The purification and crystallization were effected in a 
similar manner. Aiter repeated recrystallizations the p-iodobenzy!- 
penicillin assayed 2425 units per me. 


Analysis—Found, N 5.79, I 25.54, S 6.79 


Phenoxymethylpenicillin—N (150 
mg. per liter) (6) was used as the precursor for this penicillin. The 
principal band on the ether-silica column (butfer pH 6.2) was at the bottom 
of the column and in the percolates. It contained 100 per cent of the total 
units recovered. The chloroform-silica column (pH 6.4) also showed no 
evidence of more than one band. The penicillin again appeared pre- 
dominantly in the percolates. Lyophilization of the sodium salt gave a 
dark yellow powder which was crystallized in absolute acetone. Most of 
the color was removed by washing the crvstalline material with several 
portions of acetone. Further purification was effected by two crystal- 
lizations from 85 per cent acetone by addition of 3 parts of acetone. ‘The 
sodium phenoxymethylpenicillin assayed about 1670 units per mg. and 
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gave a differential assay value of 0.87. The ultraviolet absorption spec- 
trum of this penicillin and its precursor are recorded in the monograph.? 


Analysis—CyeHi7N20;SNa. Calculated. C 51.60, H 4.60, N 7.52, S 8.61 


p-Tolylmercaptomethylpenicillin—The precursor used was N-(p-tolyl- 
mercaptoacetyl)-pL-valine (230 mg. per liter) (6). Two ether-silica 
columns with a commercial silica were used in the purification. The 
distribution of penicillin on these columns and on the subsequent chloro- 
form-silica column was similar to that for n-heptylpenicillin and indicated 
that a high percentage of the penicillin present was the desired p-tolyl- 
mercaptomethylpenicillin. The lyophilized sodium salt was dissolved in 
absolute acetone. Undissolved material was removed by filtration and the 
acetone was evaporated in vacuo. After standing 7n vacuo overnight some 
crystallization was apparent. On being scratched with a glass rod, the 
material set to a crystalline mass. Most of the color was removed by 
washing several times with absolute acetone. An attempt was made to 
effect further purification through recrystallization from 90 per cent acetone 
by addition of absolute acetone. The material recovered in this manner 
was amorphous. Characterization was, therefore, carried out with the 
unrecrystallized product. The ultraviolet absorption spectrum agrees 
well with that found for the precursor, with a characteristic peak at 250 
mu.2 The nitrogen and sulfur analyses indicated lack of purity, owing 
probably to the presence of inorganic materials. The atomic ratio of 
sulfur to nitrogen confirmed the presence of a 2nd sulfur atom and indicated 
that the desired p-tolylmercaptomethylpenicillin had been produced. 
Analysis—Sodium benzylpenicillin, 
Calculated, N 7.83, S 8.98, S:N, 0.5 
Sodium p-tolylmercaptomethylpenicillin, 
Calculated. N 6.96, 5S 15.93, S:N 1.0 
The preparation was repeated on a larger scale with p-tolylmercaptoacetic 
acid as precursor (218 mg. per liter) with strain Q-176. The purification 
and crystallization were effected in a similar manner. The material was 
recrystallized twice by solution in 2 parts of 90 per cent aqueous acetone, 
followed by addition of 10 parts of acetone. It was recrystallized once 
more by dissolving in 2 parts of water, followed by addition of 15 parts of 
n-butanol and evaporation zn vacuo to 0.3 volume. The tolylmercapto- 
methylpenicillin assayed 2050 units per mg. and gave a differential assay 
value of 0.72. 
Analysis—Found, N 6.57, 8 14.37, S:N, 0.96 
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Cyclopentylmethylpenicillin—31 gm. of N-(2-hydroxyethyl)-cyclopentyl- 
acetamide (1) were added to a medium containing 6000 gm. of corn steep 
liquor, 4500 gm. of lactose, 750 gm. of glucose, 1500 gm. of calcium ear- 
bonate, 225 gm. of disodium phosphate, 150 gm. of urea, 37.5 gm. of 
magnesium sulfate heptahyvdrate, 0.84 gm. of zinc sulfate, and 40 gallons 
of distilled water. After sterilization, the medium was inoculated with 
approximately 1.3 gallons of vegetative growth of Penicillium chrysogenum 
Q-176 and was incubated at 24° with aeration and stirring. After 50 hours, 
the broth assaying 283 units per ml. was filtered, cooled to 2°, acidified to 
pli 2.08, and extracted with 0.6 volume of amyl acetate. The 29 gallons 
of amyl acetate were treated with three successive 0.75 gallon portions of 
0.3 mM phosphate buifer, pH 8.5. The recovered buffer was cooled to 2°, 
adjusted to pH 2.1 with 85 per cent phosphoric acid, and extracted suc- 
cessively with 2849 ml., 142) ml., and 9145 ml. of ether. The ethereal 
solution (4259 ml.) contained 39,00),0)) units. 

The penicillin was further purified by use of a 4 inch chromatographie 
column (4) containing 25)) gm. of silica and 185) ml. of 1.5 mM phosphate 
buffer, pH 6.3. Successive 2 liter portions of ether containing 1, 2, 2.5, 
and 3 per cent methanol were used to develop the column. Filtrates were 
collected in 1 liter portions. 33,590,000 units were recovered in a single 
band near the top of the column. ‘These fractions were combined, ex- 
tracted with successive 2840, 1420, and 945 ml. portions of cold chloroform 
at pH 2.1, and were further puritied by use of a chloroform-phosphate 
buffer (pH 6.0) column. 4 liters of chloroform containing 1.5 per cent 
methanol were used to develop the column. The rather broad band was 
combined, and the penicillin was extracted from the buffer solution with 
ether at pH 2.1. 

The sodium salt was prepared with 0.1 N sodium hydroxide solution and 
was dried from the frozen state, yielding 27,000,000 units of amorphous 
yellow powder. The cyclopentylmethylpenicillin precipitated on treat- 
ment with acetone. It was recrystallized by solution in 55 ml. of 87.5 
per cent aqueous acetone, followed by addition of 200 ml. of acetone, 
yielding 10.6 gm., 1880 units per mg., differential assay 0.72. 

Analysis—C;;H2,N2O,8Na. Calculated. C 51.71, H 6.08, N 8.04 


A small sample was recrystallized two additional times in similar fashion 
and then assayed 2080 units per mg. and gave a differential assay value 
of 0.72. 

Analysis—Found, C 51.69, H 6.07, N 8.21 


p-Methylbenzylpenicillin—N -(2-Hydroxyethyl)-p-tolylacetamide (155 mg. 
per liter) (3) was used as the precursor with strain NRRL 1976. The 
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procedure previously outlined for preparation of p-methoxybenzylpenicillin 
was followed. The penicillin was found in a rather sharp band on the 
chromatographic column, indicating predominantly the presence of a 
single penicillin. ‘The purified penicillin was dried from the frozen state, 
and the amorphous yellow powder was crystallized by treatment with 
absolute acetone. ¥urther purification was effected by two recrystalliza- 
tions from SS per cent acetone by addition of 2 parts of absolute acetone. 
The p-methylbenzylpenicillin thus obtained assayed about 2280 units per 
mg. and gave a differential assay value of 0.73. The ultraviolet absorption 
curve demonstrated the presence of the desired penicillin.’ 

12, H 5.17, N 7.56, S 8.66 
12. 5.43, 7.49, 8.56 


Analysis Caleulated. C 55 
Found. 55. 
p-Allylorybenzylpenicillin —N - (2-Hydroxyethyl) - p-allyloxyphenylacet- 
amide (190 mg. per liter) (3) was used as the precursor with strain NRRL 
1976. The purification procedure was similar to that previously described 
for p-methoxybenzylpenicillin. The dried sodium salt was crystallized 
by treatment with absolute acetone. ‘The crystalline material was washed 
several times with acetone and was further purified by two recrystalliza- 
tions effected by dissolving in 90 per cent aqueous acetone and adding 
4 volumes of absolute acetone. The p-allvyloxybenzylpenicillin assayed 
1440 units per mg. and gave a differential assay value of 0.87. The 
ultraviolet absorption curve was in good agreement with that observed for 
the precursor.’ 
Calculated. C 55.3: 
Found. 55. 7 


3, 15.14, N 6.79 
Methylmercaptomethylpenicillin— Methylmercaptoacetie acid (7) (127 
mg. per liter) served as the precursor in a fermentation similar to that 
described for cyclopentylmethylpenicillin. A buffer of pH 6.0 was used 
with the ether chromatographic column. Fractions near the top of the 
column with differential assay values of about 1.5 were combined for 
further purification with a chloroform chromatographic column, buffer at 
pH 5.8. The fractions with the desired differential assay were combined 
and converted to sodium salt as described before. The dried material was 
crystallized by treatment with acetone. Recrystallization was attempted 
by dissolving in 3 parts of 88 per cent acetone and adding absolute acetone. 
As the precipitate was somewhat oily, the entire mixture was evaporated to 
dryness in vacuo. The residue was dissolved in 2 parts of water, 10 parts 
* The ultraviolet absorption data were obtained by Dr. W. W. Davis, T. V. Parke, 


and R.A. Kern. Additional data will be presented in a subsequent publication by 
these workers. 
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of n-butanol were added, and the water was removed by evaporation 
in vacuo. The methylmercaptomethylpenicillin assayed 550 units per 
mg. and gave a dilferential assay value of 1.5. 


Calculated. 8S 19.65, N 8.58 
Found. 


Ethylmercaptomethylpeniculin—The fermentation was carried out with 
ethylmercaptoacetic acid’ (144 mg. per liter) in a manner similar to that 
described for cyclopentylmethylpenicillin. The ether-buffer (pH 6.2) 
chromatographic column contained only one band of any significance. 
The chloroform-buffer (pH 6.0) column also contained asingle band. The 
recovered penicillin was dried, yielding 18 gm. of amorphous material. 
Following treatment with acetone and recrystallization from 87.5 per 
cent acetone by addition of absolute acetone, the ethylmercaptomethyl- 
penicillin assayed 1310 units per mg. and gave a differential assay value 
of 0.93. 

Analysis—C,2H,;N,0,5:Na. Calculated. 5 18.84, N 8.23 

Found. 18.42, ** 8.23 

n-Propylmercaptomethylpenicillin—n-Propylmercaptoacetic acid (7) (24 
gm.) was used as the precursor with Penicillium chrysogenum Q-176 with 
the following synthetic medium: 4500 gm. of lactose, 750 gm. of glucose, 
750 gm. of ammonium nitrate, 600 gm. of acetic acid, 300 gm. of mono- 
potassium phosphate, 75 gm. of magnesium sulfate heptahydrate, 30 gm. 
of ferrous sulfate heptahydrate, 0.75 gm. of cupric sulfate pentahydrate, 
1.7 gm. of zine sulfate, 40 gallons of water, and potassium hydroxide to 
adjust the pH to 5.95. The fermentation and purification were performed 
in a manner similar to that described for cyclopentylmethylpenicillin 
except that the ether chromatographic column was run with butfer of 
pH 6.4 and the chloroform column was omitted. The large band on the 
center of the ether column was extracted at pH 2.2 with three 2500 ml. 
portions of cold chloroform, and the sodium salt was prepared by use of 
0.1 N sodium hydroxide solution. The dried penicillin crystallized readily 
on addition of acetone. After one recrystallization from 85 per cent 
acetone by addition of 4 parts of acetone, the material assayed 2300 units 
per mg. Analysis showed the presence of 16.41 per cent sulfur. After 
several recrystallizations, the n-propylmercaptomethylpenicillin assayed 
2550 units per mg. and gave a differential assay value of 0.55. 

Caleulated. 5 18.09, N 7.90 

Found. 

acid (8) (158 

mg. per liter) served as the precursor in a fermentation similar to that 


‘ Fastman Kodak Company. 
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described for cyclopentylmethylpenicillin. The ether-buffer (pH 6.2) 
eolumn contained a very large band near the top of the column, repre- 
senting at least 80 per cent of the recovered units. No further separation 
occurred on the chloroform-buffer (pH 6.2) column. The dried sodium 
salt was crystallized by treatment with absolute acetone. - Recrystalliza- 
tion was effected by dissolving in 90 per cent acetone and adding absolute 
acetone. The isopropylmercaptomethylpenicillin assayed 1900 units per 
mg. and gave a differential assay of 0.72. 


Analysis—CiHigN20O.52Na. Calculated. 5 18.09, N 7.90 
Found. 


Allylmercaptomethylpenicillin — N - (2- Hydroxyethy1) -allylmercaptoacet- 
amide (140 mg. per liter) (6) served as the precursor with strain Q-176. 
The procedure previously outlined for preparation of p-methoxybenzyl- 
penicillin was followed except that the medium contained 3 per cent of 
corn steep solids, 2.5 per cent of lactose, and 0.5 per cent of calcium car- 
honate. Roth the ether and chloroform columns contained a single, 
rather sharp band. Crystallization of the dried penicillin occurred on 
treating the material with absolute acetone. The crystalline material 
was collected by centrifugation and was washed several times with absolute 
acetone. After two recrystallizations from 95 per cent aqueous acetone 
by addition of acetone, the allylmercaptomethylpenicillin assayed 1630 
units per mg. and gave a differential assay of 0.76. 


Analysis Calculated. N 7.95, 18.20 
Found. 


Allylmercaptomethylpenicillin has also been isolated following the use of 
allylmercaptoacetic acid as the precursor. 
acid 
(250 mg. per liter) (6) was used as the precursor in a fermentation similar 
to that described for cyclopentylmethylpenicillin. The ether-buffer (pH 
6.3) column contained a rather broad band of activity which gave dilfer- 
ential assay values of about 0.8. The band on the chloroform-buffer 
(pH 6.1) column was of similar character. The entire band was collected 
and dried as previously described. Upon addition of acetone to the dried 
material, crystallization occurred slowly. After one recrystallization from 
96 per cent aqueous acetone by addition of several parts of absolute acetone 
the material assayed 1840 units per mg. and gave a differential assay of 0.77. 
Analysis—C 3:HywBrN:0O,8,Na. Calculated. Br 18.53, S 14.87, C 36.20, H 3.74 
Found. 


A small sample was recrystallized by solution in 90 per cent aqueous 
tert-butanol, followed by addition of absolute tert-butanol. After an ad- 
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ditional similar recrystallization, the material was recrystallized twice 
from 96 per cent aqueous acetone by addition of absolute acetone. The 
8-bromoallylmercaptomethylpenicillin assayed 2030 units per mg. 


Analysis— i ound, Br 17.81, C 36.80, H 3.76 


y-Chloroallylmercapiomcthylpenicillin— 30 gm. of y-chloroallylmercapto- 
acetic acid (6) were added to a svnthetic medium and the fermentation 
was conducted similarly to that described under “-propylmercaptomethyl- 
penicillin. The tank was harvested after 86 hours, at which time the 
broth assayed 215 units per ml. A buffer of pI 6.2 was used with the 
ether and chloroform chromatographic columns. <A large portion of the 
activity was found near the top of the ether column. When this fraction 
was applied to the chloroform column, a single large band was found near 
the center of the column. The sodium salt was prepared and dried as 
previously described. Attempts to erystallize this material have been 
unsuccessful. The amorphous penicillin assayed 1150 units per mg. and 
gave a differential assav value of 0.80. 
Analysts—C pH yCIN-O2Na. Caleulated. Cl 9.17, N 7.25, 5 16.58 
Found. 


A sample was purified further by use of an ether-bulfer (pH 6.2) ehromato- 
graphic column. Although the activity was spread over a considerable 
portion of the column, differential assay values on various fractions gave 
similar values. Most of the active fractions were therefore combined and 
the penicillin was recovered. Analyses demonstrated that no further 
purification had been achieved. The separation on the column and the 
analyses are consistent with the interpretation that the new penicillin is 
mixed with a natural penicillin which gives a similar differential assay 
value. 

n-Butylmercaptomethylpenicilin—Strain Q-176 was used with n-butyl- 
mercaptoacetic acid (7) (177 mg. per liter) and a medium similar to that 
described for cyclopentylmethyvlpenicillin. The ether-buffer (pH 6.2) 
chromatographic column contained a large band accounting for most of 
the units. When this fraction was chromatographed on a chlorotorm- 
buffer (pH 6.2) column, the activity was scattered over the lower two- 
thirds of the column and into the filtrates. Differential assays on various 
fractions gave similar values. ‘Two separate sodium salts were prepared, 
one of the filtrate fractions and the other of the column fractions. These 
salts were crystallized separately by treatment with acetone, and were 
then recrystallized by solution in 90 per cent aqueous acetone, followed by 
addition of several parts of absolute acetone. Assay, differential assay, 
sulfur, and nitrogen determinations indicated that both fractions repre- 
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sented the desired n-butylmercaptomethylpenicillin. A small sample was 
recrystallized several times as described above. This sample assayed 3400 
units per mg. and gave a differential assay value of 0.53. 


Calculated. N 7.60, 17.40 
Found. 


[soamylmercaptomethylpenicillin— Isoamylmercaptoacetic acid (6) (194 
mg. per liter) was used as the precursor with strain Q-176 und a medium 
similar to that described for cyclopentvimethylpenicillin. On the ether- 
buffer (pH 6.2) chromatographic column, the activity was spread over a 
large number of fractions in the filtrate and on the column. Differential 
assays indicated the presence of only one penicillin in all these fractions, 
with the exception of a small portion near the top of the column. These 
fractions were therefore combined for the chloroform-buffer (pH 6.5) col- 
umn. Almost all of the activity was in the filtrate fractions of this 
eolumn. The dried sodium salt which was recovered from these fractions 
crystallized upon treatment with absolute acetone. After recrystallization 
by solution in 5 parts of 90 per cent aqueous acetone followed by addition 
of absolute acetone, the penicillin assayed 2850 units per mg. and gave a 
differential assay of 0.51. After two additional recrystallizations the 
isoamvimercaptomethylpenicillin assayed 2900 units per mg. and gave ¢ 
differential assay of 0.54. 


Calculated. N 7.33, 8S 16.76 
Found, 7.46, 2.33 


m-Trifluoromethylphenylmercaptomethylpenicillin—A corn steep medium 
and fermentation similar to those described for eyclopentylmethylpenicillin 
were emploved. m-Trifluoromethylphenylmercaptoacetic acid (6) (280 
mg. per liter) served as the precursor. When the penicillin was purified 
on an ether-buffer (pH 6.3) chromatographic column, a large band was 
found in the filtrate fractions. This material was further purified by use 
of a chloroform-buffer (pH 6.6) chromatographic column. The major 
portion was again found in the filtrate, although an appreciable amount of 
penicillin with a similar differential assay was held on the lower part of the 
column. The penicillin from the filtrate fractions was recovered as 
sodium salt and was crystallized by treatment with absolute acetone. 
The m-trifluoromethylphenylmereaptomethylpenicillin was recrystallized, 
first from 92 per cent aqueous acetone by addition of acetone, and then 
from water-n-butanol by evaporation zn vacuo to remove the water. The 
resulting product assayed 1900 units per mg. and gave a differential assay 
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value of 0.86. The ultraviolet absorption curve demonstrated the presence 
of the m-trifluoromethylphenylmercapto group.’ 


Calculated. N 6.15, S 14.08, F 12.51 
Found: ** 33.47 


y-Phenylpropylmercaptomethylpenicillin— y-Phenylpropylmercaptoacetie 
acid (6) (252 mg. per liter) was used as the precursor in a fermentation 
similar to that described for cyclopentylmethylpenicillin. On the ether- 
buffer (pH 6.3) chromatographic column the principal band was found in 
the filtrate fractions. This was also the case with the chloroform-buffer 
(pH 6.6) column which followed. The dried sodium salt that was prepared 
from this material was deeply colored, occasioning difficulty in the further 
purification. Crystallization took place following treatment with absolute 
acetone. After recrystallization from 90 per cent aqueous acetone by 
addition of absolute acetone, the material assayed 1100 units per mg. and 
gave a differential assay value of 0.54. As further recrystallization from 
aqueous acetone did not aid markedly in the purification, an effort was 
made to achieve the desired purification by recrystallization from water- 
butanol as described before. The resulting y-phenylpropylmercapto- 
methylpenicillin assayed 1600 units per mg. and gave a differential assay 
value of 0.54. Although the material still contained colored impurities, 
further purification was not attempted. 

Analysis—C,s3HaN20.82Na. Calculated. N 6.51, 5S 14.89 

Found. 

6-Phenoxyethylmercaptomethylpenicillin—254 mg. per liter of 3-phenoxy- 
ethylmercaptoacetic acid (6) were added to a synthetic medium for 
fermentation in the manner described for n-propylmercaptomethyl- 
penicillin. With a buffer of pH 6.4 on the ether-silica chromatographic 
column a large band was found on the top half of the column. ‘This 
material separated into two bands of activity on a chloroform-buffer 
(pH 6.2) column. The band in the filtrate fractions proved to be the 
desired new penicillin. The dried sodium salt was crystallized by treatment 
with acetone. Recrystallization by solution in 89 per cent acetone followed 
by addition of absolute acetone yielded 6-phenoxyethylmercaptomethyl- 
penicillin, which assayed 1190 units per mg. and had a differential assay 
value of 0.84. The ultraviolet absorption curve demonstrated the presence 
of the desired acyl grouping in the penicillin.’ 


Analysis—C,sHeiN20;8:Na. Calculated. N 6.48, S 14.83 
Found. * 14.63 


6 Micro fluorine analysis performed by the Huffman Microanalytical Laboratories, 
Denver, Colorado. 
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8-Naphthylmercaptomethylpenicillin — N - (2- Hydroxyethyl) -8-naphthyl- 
mercaptoacetamide (6) (313 mg. per liter) was used as the precursor with 
strain Q-176. The procedure previously outlined for preparation of al- 
lylmereaptomethylpenicillin was followed. Marked loss was noted in 
the preparation of the sodium salt from amyl acetate. On the ether- 
buffer (pH. 6.2)-silica column the activity was scattered over the column 
and into the filtrates. All active fractions were therefore combined for a 
chloroform-buffer (pH 6.2) column. Two bands were evident on this 
eolumn. Both were investigated further. Only the lower band contained 
appreciable quantities of the desired penicillin. This fraction was further 
purified by use of a second chloroform column, this time with buffer of 
pH 6.4. 104,000 units of this material were transformed to the sodium 
salt and dried from the frozen state. The dried material assayed 625 
units per mg. and gave a differential assay value of 0.89. On treatment 
with absolute acetone, crystallization occurred. After washing with 
absolute acetone, the dried material assayed 1230 units per mg. Following 
two successive recrystallizations from 80 per cent acetone with addition of 
absolute acetone, the 8-naphthylmercaptomethylpenicillin assayed 2160 
units per mg. and gave a differential assay value of 0.91. The ultraviolet 
absorption curve was in good agreement with that observed for the 
precursor. 
Analysis Calculated. N 6.39, 5 14.62 
Found. ** 13.82 
Phenylselenomethylpenicillin—Phenylselenoacetic acid (9) (258 mg. per 
liter) served as the precursor in a fermentation similar to that described 
for eyclopentvImethylpenicillin. The ether-buffer (pH 6.3) column con- 
tained a single band on the upper half of the column. The penicillin 
was purified further on a chloroform column with buffer at pH 6.8. The 
activity was spread over the lower two-thirds of the column. The active 
fractions were combined, and the sodium salt of the penicillin was prepared 
and dried. ‘Treatment of the material (11.1 gm.) with absolute acetone 
gave a crystalline product. Recrystallization from 100 ml. of 87.5 per 
cent acetone by addition of 300 ml. of acetone vielded 7.0 gm. of phenyl- 
selenomethylpenicillin assaying 2400 units per mg. and giving a dillferential 
assay Value of 0.74. A small sample was recrystallized again for analysis. 
It assayed 2660 units per mg. and gave a differential assay value of 0.74. 
Calculated. Se 18.14, N 6.44, 5 7.36 
Found. 


The ultraviolet absorption curve confirmed the presence of the desired 


penicillin.’ 
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p- Methoxyphenoxymethyl penicillin — N - (2- Hydroxyethyl) - p- methoxy. 
phenoxyacetamide (6) (180 mg. per liter) was used as the precursor with 
strain NRRL 1976. It was noted that use of this compound caused a 
decrease of total penicillin yield. No effect on the growth of the mold wag 
noticed. ‘The ether-buffer (pH 6.4) silica column contained a band on 
the upper portion of the column. When this material was rechromato- 
graphed on a chloroform-buffer (pH 6.2) column, the activity was divided 
into two bands, one in the filtrate fractions and one on the column. The 
filtrate band was recovered in the usual fashion and was crystallized from 
acetone. After three recrystallizations from 90 per cent acetone by 
addition of acetone, the penicillin gave an ultraviolet absorption curve 
which was in good agreement with that of the precursor.® 

Analysis-—-C,7;HigNo-OpSNa. Caleulated. OCH; 7.71, N 6.96 

Found. 7.07 


sé 


After two more recrystallizations, the p-methoxyphenoxymethylpenicillin 
assayed 1120 units per mg. and gave a differential assay value of 0.92. 


Found, OCH, 7.14, N 6.35 


3-Thiophenemercaptomethylpenicillin—209 mg. per liter of 3-thiophene- 
mercaptoacetic acid (6) were used as the precursor in a fermentation 
similar to that described for cyclopentylmethylpenicillin. A large portion 
of the activity on the ether-buffer (pH 6.2) column was found in a con- 
centrated band near the top of the column. This material was converted 
into the sodium salt which was dried trom the frozen state. ‘Treatment 
with absolute acetone yielded a crystalline product which was twice 
recrystallized from 90 per cent acetone by addition of dry acetone. The 
sodium 3-thiophenemercaptomethylpenicillin assayed 2160 units per mg. 
and gave ua differential assay value of 0.70. 

Calculated. N 7.10, 24.38 

Found. 248 

A sample was recrystallized from water-butanol in the manner previously 
described, and from aqueous acetone as described above. It assayed 
2000 units per mg. and gave a differential assay value of 0.76. 


Found, N 6.83, S 20.29 


Experimental Procedure for Ultraviolet Absorption Data of New Biosynthetic 
Penicillins (2)° 


The samples of penicillins and precursors for ultraviolet absorption 
spectra were weighed from lots on which analyses had been performed. 
They were dried in vacuo at 60° for 2 hours. About 1 mg. was weighed on a 
micro balance into a calibrated volumetric flask. All dilutions were made 
with calibrated volumetric ware. The penicillins were dissolved in 0.005 M 
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phosphate buffer, pH 7.0, and the absorption curve run against the same 
buffer solution as the blank. The precursors were dissolved in distilled 
water and run against distilled water as the blank. 

The absorption data were obtained with a Beckman quartz spectro- 
photometer, with a hydrogen discharge lamp as a light source. Points were 
taken at 2 my intervals throughout the curves. The nominal band width 
obtained was less than 3 my between 220 and 360 mu, reaching a low 
value of 2 mp band width. 


The authors express their gratitude to Dr. G. iL. A. Clowes, Dr. E. C. 
Kleiderer, and H. A. Shonle for their interest in this work. The micro- 
analyses were performed by W. L. Brown and H. L. Hunter. We are 
happy to acknowledge the work of G. L. Shaw in designing and installing 
the pilot plant equipment. 


SUMMARY 


Following the use of appropriate precursors some thirty new penicil- 
lins have been isolated and identified. In several instances the new peni- 
cillins are formed by the mold, with virtual exclusion of the natural 
penicillins. The side chains of these penicillins contain chemical group- 
ings which may be considered as biologically foreign substances in that 
they are not normally found in natural penicillins. The activity of 
these penicillins, determined with Slaphylococcus aureus, varies from 
about 550 to 3400 units per mg. 
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THE EFFECT OF a-TOCOPHEROL ON THE UTILIZATION OF 
CAROTENE BY THE RAT* 


By R. M. JOHNSONT anpo C. A. BAUMANN 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, May 27, 1948) 


In a previous study it was demonstrated that the ingestion of carotene 
by rats fed thiourea or thiouracil resulted in only negligible stores of vitamin 
A in the animal, but that normal stores accumulated when the effects of 
these drugs were corrected with thyroxine (1). The metabolie stimulants 
and depressants exerted only slight effects on vitamin A storage when the 
dietary source of the stored vitamin was vitamin A itself rather than caro- 
tene. These studies have now been extended to include another factor 
capable of influencing the rate of biological oxidations, viz. a-tocopherol. 

The sparing effect of tocopherol on vitamin A and carotene in vivo was 
first described by Moore (2, 3), and the original observations were greatly 
amplified by Hickman and his associates (4-6). The latter workers ob- 
served, however, that, when a relatively large amount of tocopherol (5 mg. 
per rat daily) was fed to rats, growth due to carotene or vitamin A was less 
than when moderate amounts of tocopherol were fed. The effect was 
greater When carotene was fed. This suggested that tocopherol, like thi- 
ourea or thiouracil, might be capable of interfering with the conversion of 
carotene to vitamin A. In the present study relatively large amounts of 
tocopherol were administered to rats in various ways, and the storage of 
vitamin A was determined in rats fed either vitamin A itself or 8-carotene. 
In addition attempts were made to associate differences in storage with the 
metabolic rate or the fecal excretion of carotene. 


Methods 


Weanling rats were placed on a diet low in vitamin A, consisting of casein 
18, dextrin 65, cottonseed (Wesson) oil 5, brewers’ yeast 8, and salts 4 (7). 
16 drops of Drisdol! containing 4000 units of vitamin D were added per 10 


* Published with the approval! of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation and the 
Jonathan Bowman Fund for Cancer Research. 

t National Institute of Health Junior Research Fellow. 

1 A propylene glycol solution containing 10 000 U.S. P. units per gm. of a erystal 
line vitamin D from ergosterol; Winthrop Chemical Company, Ine.. New York 
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kilos of diet. The rats were maintained on this diet for 22 to 28 days, 1.€., 
until they failed to gain weight over a period of 7 days. They were then 
divided into two large series, comparable in weight and sex. One was fed 
40 y of 8-carotene (8) per day; the other received 40 1.v. of vitamin A from 
the non-saponifiable portion of halibut liver olf. ‘These series were further 
subdivided into groups of seven or eight animals, which received a daily 
supplement of 0 to 10 meg WS a-tocopherol? together with the vitamin A 
source, or 5 mg. of a-tocopherol 8 hours aiter the vitamin A source. The 
daily doses of vitamin A, 6-c4rotene, or a-tocopherol were each fed in 3 
drops of Wesson oil from calibrated droppers. ‘Iwo groups also received 
a-tocopherol intraperitoneally. The tocopherol was prepared for injection 
by dissolving | gm. in 6 gin. of Tween 20% and diluting to 50 ml. with water; 
0.25 ml., containing 5 mg. of a-tocopherol, was injected intraperitoneally 
each day. All animals were given the appropriate supplements for 14 days 
and were killed by decapitation 24 hours after receiving the last supple- 
ment. The livers and kidneys were Temoved and analyzed for vitamin 
A as described previously (8, 9). 


EXPERIMENTAL 


Growth—The rats in all groups appeared to be in good health except for 
certain individuals in the groups that received Tween 20 and tocopherol 
intraperitoneally. Diarrhea was noticed in these rats and about. three- 
fourths of them had adhesions between the liver and the diaphragm. The 
average weight gains for all the other groups were 49.5 gm. in 2 weeks for 
the series fed vitamin A and 52.0 em. for those fed 8-carotene. While 
there were some differences between groups within each series, there was no 
conclusive evidence of improved growth with increasing tocopherol intake 
(Table I), presumably because the amounts of carotene and vitamin A fed 
were more than adequate for such growth as was permitted by the other 
‘cause the cottonseed oil in the basal diet 
wig. per gm. of oil by the Furter-Meyer 


constituents of the diet and 
supplied enough tocopherol 
test) to stabilize the carotendt® 
Storage of Vitamin A—-When the source of vitamin A fed to the rats was 
a concentrate from halibut liver oi], similar amounts of vitamin A were 
found in the liver and kidneys of all groups, whether O, 2.5, 5.0, or 10 mg. 
of a-tocopherol v -re fed with the concentrate or whether 5 mg. of a-tocoph- 


vitamin A in the digestive tract. 


erol were fed 8 .ours later. The average amounts found in these groups 
27 of vitamin A (Table I). However, when 6-caro- 


ranged from” 


2 Syntheti tofopherol purchased from Merck and Company, Inc., Rahway, 
New Jersey. 

$Sorbitan monolaurate polyoxyalkvlene derivative, obtained from the Atlas 
Powder Company, Wilmington, Delaware. 
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Py tene was fed, the amounts of vitamin A found in the tissues varied inversely 
, with the amount of a-tocopherol fed with the carotene. Rats receiving 
od 0 to 2.5 mg. supplements of a-tocopherol stored 45.7 to 48.7 y of vitamin A 
0 ‘in their tissues. When 5 mg. of a-tocopherol were fed daily, this storage 
or dropped to a mean of 31.9 + 4.2 y of vitamin A, and when 10 mg. of a-to- 
y copherol were fed daily, only 25.7 y of vitamin A were stored. However, 
A when 5 mg. of a-tocopherol daily were fed 8 hours after the ingestion of the 
€  earotene, the amounts of vitamin A stored in the body were essentially | 
TABLE I 
Growth and Vitamin A Storage in Rats Fed Vitamin A or 8-Carotene in Presence of 
Various Amounts of a-Tocopheroal* 
Daily Vitamin A supplementt 8-Carotene supplementf 
alts 
-tocoph- idney Liver | Kidney {| Liver 
4 mat § | hi vitamin | vitamin | Total vitamin A yee ins vitamin vitamin | Total vitamin A 
0 | 49.1 1159.4 | 40.8 56.2 + 1.8f | 48.6 16.7 1 Ss 47.2 + 3.6 : 
| 0.5 | 50.3 | 14.9 | 46.3 | 61.2 + 2.7 | 45.0 | 17.4 | 31. 48.7 + 4.3 | 
| 2.5 | 46.3 | 15.0 | 37.5 | 52.541.3 | 51.0 | 15.9 | 29.8 | 45.7 4 4.2 E 
5 | 45.4 13.8 | 40.5 54.3 +1.8 50.0 14 9 17.0. | 4.2 4 
119.2 | | 55.9 + 2.5 163.5 | 19.1 | 6.6 | 
5§ | 46.4 | 47.9 + 2.7 | 53.5 17.9 17.7 5.1 | 
| 5] | 68.4 20.6 34.7 | 55.3 43.3 | 55.7 | 21.4 | 25.5 | 46.9 + 4.0 4a 
* The figures are mean values with seven or eight rats per group. @ 
| t Supplements administered daily for 14 days. & 
t The standard error of the mean = W/2(X — #)2/n(n — 1), where X = individual a 


values, ¢ = the group mean, n = the number of individuals. ) a 
§ a-Tocopherol administered by daily intraperitoneal injections; see the text. 3 
| The vitamin A supplement was given in the morning and the a-tocopherol was 

fed approximately 8 hours later. 


equal to those in the group not fed any supplement of tocopherol, 46.9 
+ 4.0 y versus 47.2 + 3.6 y. Incidentally, as in a previous study (8), 
significant amounts of vitamin A were found in the kidneys of all groups 
whether the dietary source of the vitamin was carotene or vitamin A itself 
(Table I). When the total amount in the body was low, kidney storage 
exceeded liver storage. 

a-Tocopherol injected intraperitoneally appeared to depress vitamin A 
storage somewhat, but the significance of the result was doubtful since the 
condition of the animals was not always good. The rats injected intraperi- 
toneally with 5.0 mg. of a-tocopherol contained 47.9 y of vitamin A when 
ut liver oil, or about 15 per cent less than 


4 
? 


the source of the vitamin was hali 


that found in comparable uninjected rats (Table I). In the series fed 
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6-carotene, the rats injected with tocopherol stored only 35.6 y of vitamin 
A in the tissues as compared with 47.2 y in the groups that received no 
tocopherol supplement, a reduction in vitamin storage of 25 per cent. Thus 
the effect of the injected tocophero! was somewhat greater in rats fed earo- 
tene than in those fed vitamin A. 

Fecal Excretion of Carotene—In the previous experiments less vitamin A 
was stored when large amounts of a-tocopherol were fed with carotene than 
when carotene was fed alone, although the tocopherol did not interfere with 
the storage of preformed vitamin A. Thus, the deleterious effect of the 
tocopherol on the utilization of carotene must have been exerted either 
during the conversion of the carotene into vitamin A or prior to it, e.g., by 
interfering with the absorption of carotene or by hastening its destruction. 
In an attempt to evaluate these possibilities, groups of rats (Table IT) 


TABLE II 
Fecal Excretion of 8-Caurotene in Presence of Varying Amounts of a-Tocopherol* 
Level of a-tocopherol! No. of rats Carotene excreted 
me per cent 
0 6 49.7 
0.5 4 45.4 
5 3 46.2 
10 9 48 .2 


*44 y of carotene were fed, together with the various levels of a-tocopherol in 
Wesson oil. 


averaging 125 gm. in weight were fed the low vitamin A diet plus 0, 0.5, 
5.0, or 10 mg. of a-tocopherol with single doses of 44 y of 6-carotene, and 
the feces were collected for 3 days thereafter. The amounts of carotene 
found in the feces were very uniform and represented 45.4 to 48.2 per cent 
of the amount ingested. The excretion of carotene by the rats fed the 
highest amount of tocopherol was no different from that by the group 
receiving no supplementary tocopherol (Table II). Thus the diminished 
storage of vitamin A could be attributed neither to an impaired absorption 
of carotene nor to any unusual destruction of the pigment in the digestive 
tract. The alternative remained, however, that tocopherol might have 
interfered with the conversion of carotene to vitamin A in the body. 
Relation to Metabolic Rate—The O2 consumption of tissues from vitamin 
I-deficient animals is known to be high (10-12), and hence it was of interest 
whether the doses of tocopherol that affected the utilization of carotene 
were capable of producing detectable changes in the metabolic rate of rats. 
During the course of the various feeding experiments described, certain rats 
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that had received 5 or 10 mg. of a-tocopherol for 10 to 12 days were fasted 
for 18 hours, placed in a metabolism apparatus (13, 14), and their eonsump- 
tion of O2 measured. Five rats on the basal diet were found to consume 
94.2 liters of Oz per kilo per day as compared to 35.6 liters per kilo per day 
for four rats receiving 5 mg. of a-tocopherol daily and 38.6 liters per kilo 
per day for five rats on 10 mg. of the vitamin daily. In other words these 
amounts of tocopherol did not produce any measurable decreases in the Oz 
consumption of the entire animal. 

Nevertheless, specific oxidative processes may have been altered tem- 
porarily in certain tissues, such as, e.g., the small intestine. ‘Temporary 
alterations are suggested by the fact that 5 mg. of tocopherol failed to influ- 
ence Vitamin A storage when fed repeatedly 8 hours after the administration 
of carotene, although this amount of tocopherol exerted a marked effect 
when fed with the carotene. After several days of administration the 
amounts of tocopherol in most tissues of the body must have been high and 
essentially similar whether the tocopherol was fed separately or along with 
the carotene. 

The two methods of administration, however, resulted in significantly 
different concentrations of tocopherol in the wall of the small intestine while 
carotene Was being absorbed. ‘The small intestines from rats killed 3 hours 
after the ingestion of 5 mg. of a-tocopherel averaged 392 y of vitamin F 
by the Furter-Meyer test as compared to 176 y 16 hours later. It has been 
suggested that carotene is converted to vitamin A in the small intestine 
(15-17) and preliminary evidence (18) indicates that at least the first step 
in the process could take place during absorption. Apparently, then, this 
reaction is disturbed only in the presence of the high concentrations of 
tocopherol reached while a-tocopherol is being absorbed, but which no 
longer obtain after the tocopherol is distributed among the other tissues of 
the body. 


SUMMARY 


1. Vitamin A and s-carotene were fed to depleted rats for 14 days. Cer-: 
tain of the animals also received 0 to 10 mg. of a-tocopherol daily with the 
viiamin A souree, or 5 mg. of a-tocopherol 8 hours later. Colorimetric 
determinations were then made of the amounts of vitamin A stored in the 
livers and kidneys. 

2. a- Locopherol did not interfere with the storage of vitamin A when the 
vitamin itself was fed, but the stores of vitamin A due to 6-carotene were 
lowered significantly when 5 or 10 mg. of a-tocopherol were fed with the 
carotene. ‘Tocopherol injected intraperitoneally also appeared to interfere 
somewhat with the utilization of ingested carotene. 

3. Tocopherol fed 8 hours after the carotene failed to interfere with the 
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storage of vitamin A. The fecal excretion of carotene was essentially the 


same in rats fed high levels of tocopherol as in control rats. The amounts 
of tocopherol fed did not alter the basal metabolic rates of the rats. 


BIBLIOGRAPHY 


|. Johnson, R. M., and Baumann, C. A., J. Biol. Chem., 14", 513 (1917 
2. Moore, T.. Biochem. J., 34, 1321 (1910°. 
Davis. A. , en ore, Vat rc. 147, (1O4] 
+. Hickman, K. C. D., Kaley, M. W., and Harris, P. L., J. Biol. Chem., 162, 303 
(1944). 
5. Hickman, K. C. D., Kaley, M. W., and Harris, P. L., J. Biol. Chem., 152, 32) 
(19044 
6. Harris, P. L., Kaley, M. W., and Hickman, K. C. D., J. Biol. Chem., 162, 313 
1044) 
7. Wesson, L. G., Science, 75, 339 (1932). 
8. Johnson, R. M., and Baumann, C. A., Arch. Biochem., 14, 361 (1947 
9. Dann, W. J., and Evelyn, K. A., J., 32, 1008 (1938). 
10. Victor, J., Ain. J. Physiol., 108, 229 (1934). 
li. Madsen, L. I., J. Nutr., 13, 471 (1936 
12. Friedman, [., and Mattill, H. A., Am. J. Phystol.. 181, 595 (1941) 


13. Schwabe, L., and Griflith, F. R.. Jr... J. Nut 15, IS7 (1938 
14. Johnson, M., and Baumann, C. A., J. Nutr... 85, 703 (1948). 
15. Glover, J., Groodwin, T. W., and Morton, R. A., Biochem. J., 47, p. xlv (1947). 


16. Mattson, F. H., Mehl, J. and Deuel. J., Jr... Areh. Brorhem.. 16, 65 (1947 
17. Wiese, C. I Mehl, J. W., and Deuel, H. J., Jr... Arch. Biochem... 15, 75 (1947). 
IS. Johnson, R. M., Thesis, University of Wisconsin (1048), 


| 


the 
nts 


THE ABSORPTION OF GLUTAMIC ACID AND GLUTAMINE* 
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(From the Departments of Biochemistry, New York State Psychiatric Institute and the 
College of Physicians and Surgeons, Columbia University, New York) 


(Received for publication, April 15, 1948 


The occurrence of free glutamine in plant tissue extracts has been recog- 
nized for a considerable time, but its presence in the protein-free filtrates 
of mammalian tissues was established only recently (1). The functional 
significance of the free amide in tissues cannot be appreciated without a 
knowledge of its quantitative relationship to ghitamie acid and of the 
biological mechanisms regulating the interconversions of the two com- 
pounds. A study of these questions was made possible by the development 
of a chemical micromethod for the determination of glutamic acid and 
glutamine, each in the presence of a large excess of the other (2,3). The 
method was applied in studies of the absorption of glutamic acid, glutamine, 


| 


and glutathione from the gut of the cat by analysis of the portal blood, 
and of the concentration changes of glutamic acid and glutamine in per- 
ipheral blood after oral administration of glutaniuc acid to human subjects. 
The analytical procedure was simplified and extended to permit the com- 
plete removal of glutathione. This modification became necessary not 
only for the use of the method in the experiments in whieh intestinal 
absorption of glutathione was studied, but also for its application to tissue 


analysis, Which will be the subject of subsequent reports. 


LAPERIMENTAL 


Determination of Glutamie Acid and Glutamine —In the previous study on 
the glutamic acid and-glutamine content of blood plasma and serum the 
glutamine concentration was caleulated as the difference between total 
glutamic acid determined after acid hydrolysis in one sample and free 
glutamic acid determined in another. The method has been simplified, 
with a saving of material, by the direct determination of glutamine in the 
filtrate from the adsorption column. ‘The filtrate (2 ml.) of the solution 
containing glutamic acid and glutamine and the wash water (2 ml.) were 


° Supported by grants from the Rockefeller | oundation, the New York Founda- 
tion, and the Williams-Waterman Fund of the Research Corporation. 

t Fellow of the Children’s Hospital Research Foundation, Washington, D.C. 

} On leave from the Department of Physiology, The Hebrew University, Jerusalem. 
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collected in a 10 ml. volumetric flask and hydrolyzed with 2 ml. of 6 n HC] 
for 1 hour. The hydrolysate was neutralized and diluted to 10 ml. as 
described previously. 2 ml. of the neutralized solution were taken for the 
glutamine determination. In pure solution and in the absence of aspar- 
agine the glutamic acid may be determined directly without further adsorp- 
tion on a second column. Under such conditions the hydrolyzed solution 
was neutralized, 5 mm of acetic acid were added, and the solution wag 
diluted to 10 ml. with water. 4 ml. of this solution were treated with nin- 
hydrin. In all determinations on tissue filtrates the hydrolyzed solution, 
containing glutamic acid originating from glutamine, was passed through a 
second column. ‘The recovery of glutamine alone or in solutions containing 
glutamic acid and amide, as obtained in the above procedure, amounted 
to 95 to 105 per cent. 

Removal of Glutathione—In glutathione-containing solutions, cysteine 
and glutamic acid, equivalent to approximately 20 per cent of the tripeptide 
when expressed as glutamic acid, were liberated under the conditions em- 
ployed for glutamine hydrolysis. The removal of glutathione by precipi- 
tation with metal salts (copper, cadmium, lead) led to considerable losses 
of glutamic acid. A nearly complete removal of glutathione or cysteine 
without loss of glutamic acid was accomplished by adsorbing the sulfhydryl 
compound on lead carbonate introduced on top of the aluminum oxide 
column. 1m¢_. of lead carbonate (2PbCO;-Pb(OH)}.) suspended in 0.5 ml. 
of water was superimposed on the aluminum oxide column under gentle 
suction. By this modification of the column, glutathione and any cysteine 
were removed to the extent of at least 99 per cent (Table I). The last two 
glutathione experiments show that glutathione does not inter’ere with the 
direct determination of glutamine after glutamic acid adsorption. Gluta- 
thione in the amounts known to occur in mammalian tissue (4) can be 
successfully eliminated by this procedure. 

Determination and Removal of Keto Acids—In the course of the investi- 
gation it became desirable to determine the keto acids formed after the 
intraintestinal administration of glutamic acid and glutamine. It was 
noted that high concentrations of keto acids, equivalent to more than 5 mg. 
of pyruvic acid per 100 ml. of plasma, lowered the glutamic acid recovery 
after acid hydrolysis of samples for the determination of total glutamic acid 
(glutamic acid plus glutamine) by the original method (3). No inter- 
ference was experienced when the filtrates from glutamic acid adsorption, 
containing only glutamine, were submitted to acid hydrolysis, since most 
of the keto acid was retained in the column. If total glutamic acid is to be 
determined by the original procedure, the keto acids may be removed as 
the 2,4-dinitrophenylhydrazones, and they may be estimated by the same 
procedure. 
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In the experiments with blood plasma filtrates, 2 ml. of 0.1 per cent 
2 4-dinitrophenylhydrazone in 2 N HCI were added to 1 ml. of the trichloro- 
acetic acid filtrate. After 25 minutes the hydrazone was extracted with 
eight 4 ml. portions of benzene. The hydrazone was extracted from the 
benzene solution with three 2 ml. portions of a 10 per cent solution of 
sodium biearbonate, the color was developed by the addition of 5 ml. of 
9x NaOH to 5 ml. of the extract, and read after 5 minutes in the Coleman 
junior spectrophotometer at wave-lengths 420 and 520 muy in order to 


TABLE I 
Determination of Glutamic Acid and Glutamine in Presence of SH Compounds 


In sample Found 
Glutamic acid | Glutamine | Glutamicacid | Giutamine 
Y | Y 7 | Y Y 
Gluta- 604 4.7 
thione 1805 8.3 
3012 14.9 
564 41.4 41.8 
600 37.3 37.3 
1800 37.3 | 41.2 
2400 7.3 45.8 : 
1114 20.8 234* 21.9T | 236 
2228 41.6 468* 45.1T 435 
Cysteine 21.2 | 41.4 41.8 


* Corrected for a content of 92.5 per cent of glutamine. 

t Corrected for retention of 1 per cent of glutamine as glutamic acid (2). 
determine ketoglutaric acid and pyruvic acid. Sodium pyruvate served 
as the standard (5, 6). 

For the determination of the total glutamic acid content after the re- 
moval of keto acids, 1 ml. of the extracted trichloroacetic acid filtrate was 
hydrolyzed with 0.5 ml. of 6 N HCl at 100° for 1 hour, neutralized, and 
diluted to 5 ml. with water. 2 ml. aliquots were taken for the duplicate 
determinations. 

Absorption Experiments. Cais—-A cannula was introduced into the 
trachea of a cat (4 to 5 kilos) under diallylbarbiturie acid! anesthesia, and 
heparin! was injected intravenously. After ligation of the gastrosplenic 
vein, a 2-way cannula with a side arm was introduced into the portal vein. 
Thus the portal blood flow was not obstructed. A blood sample (8 ml.) 


was removed before the injection into the small intestine of 5 ml. of saline 


‘We are indebted to Ciba Pharmaceutical Products, Inc., for a gift of diallyl- 
barbituric acid and to Roche-Organon for a generous supply of heparin. 
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containing glutamic acid, glutamine, or glutathione, adjusted to pH 7.3. 
Two further blood samples were taken 15 and 30 minutes later. The cel] 
volume was determined in all blood samples. 

Man—Venous blood was taken from human subjects at least 18 hours 
after the last meal. Two further blood samples were removed 1 and 2 
hours after the intake of 1 gm. of glutamic acid per 10 kilos of body weight. 
The whole amount of glutamic acid was suspended in 100 ml. of water. 


RESULTS AND DISCUSSION 
i 


The analysis of the blood of the portal vein after the intraintestinal 


administration of glutamic acid or glutamine showed that both compounds 


Tassie Il 
Concentration of Free Gi tlanic Acid and G! ifanine in Blood Plasna of Portal Ve in 
after Intraintestinal Ad ninistration of Glutanic Acid, 
Glutamine, and Glutathione 
Values expressed as mg. per 100 ml. of plasma.* 


Time after Cat 1 Cat 2 Cat 3 Cat 4 Cat § Cat 6 
admin- 


istration § Acid Amide Acid Amide Acid Amide Acid Amide Acid Amide Acid Amide 


min. 
glutan Ci 100 mg. 205 me. glutathione 
iministe rdn a {ry t 
15 12.9 4.2 1.9 iZ.3 5.0 5.6 


* Per cent blood cells: C: 


blood cell volume less than 3 per cent, 

passed the mtestinal wall without any significant mterconversion (Table 
A considerable increase of the admiunistered compound occurred 15 
minutes after administration, with only a small change in the level of the 
other. Simultaneously with the large increase in the glutamic acid con- 
centration in the plasma after the administration of this amino acid (Cats 1 
and 2) there was found, after 15 minutes, a decrease in the glutamime values. 
The increase of the glitamine concentration at 30 minutes may be inter- 
preted as a release from the tissues of glutamine either formed from the 
administered glutamic acid or mobilized as a result of the increased glutamie 
acid concentration. Both phenomena, the decrease of the glutamine con- 
centration and the tollowing increase, have also been found in the peripheral 
blood plasma of human subjects atter the ingestion of glutamic acid. The 
effect of an increased glutamic acid concentration in plasma in decreasing 


\ 
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the glutamine level appears to be part of a general mechanism since a 
lowering of the concentrations of glutamme, glycine, and residual amino 
nitrogen has been found under similar conditions in dogs (7). 

In the glutamine experiments, there was found a small increase. of 
glutamic acid, which ts apparently not related to the glutamine concen- 
tration, and may theretore be due to a release of glutamic acid originating 
from the increased glutamine concentration in the tissue. 

Glutamic acid and glutamine are apparently not converted into each 
other during the passage through the intestinal wall, and there seems to be 
no extensive deamination during this process. Only insignificant increases 
in the keto acid concentration were found and the optical absorption ratios 
of the hydrazones at 420 and 520 my varied between 1.2 and 1.4, a result 
which indicates that the relative concentration of ketoglutaric acid did 
not change significantly, either during the absorption of glutamine or the 
parent amino acid. 

After the intraintestinal administration of an equivalent amount. of 
glutathione, there was no change in the ghitamic acid or glutamine concen- 
tration of the plasma of portal blood during the experimental period com- 
parable with that found during the absorption of the amino acid and its 
amide. It has been pointed out in the experimental part that glutathione, 
if not removed, contributed to the glutamine fraction after acid hydrolysis 
about 20 per cent of its concentration in glutamic acid equivalents. Values 
obtained for ghitamine in the glutathione experiments with and without 
the modification developed for the removal of glutathione agreed within 
the error of the method. It appears therefore that the tripeptide, if ab- 
sorbed during the experimental period, is taken up rapidly by the cells 
or that it is not metabolized during passage through the intestinal wall 
to glutamic acid or glutamine to any considerable degree. 

The direct evidence (8, 9) for the oecurrence of glutamine and asparagine 
in proteins is based on the isolation of the amides from enzymatie hydrol- 
ysates. If changes in the glutamine content of the food proteins dye to 
storage and preparation of the food are disregarded for the present, our 
experiments suggest the possibility that glutamic acid and glutamine are 
absorbed in about the ratio in which they occur in the original protein. 
Depending on the composition of the proteins ingested, varying amounts 
of the two compounds will therefore be absorbed and the organism, by 
enzymatic mechanisms, will have to adjust the amounts to the specific 
ratios of the tissues, 

The oral administration of glutamic acid to human subjects led always 
to an increase of varying degree in the glutamie acid concentration of the 
peripheral blood (Table LLL). Two types of responses to the elevation of 
the blood glutamic acid may be distinguished. A small increase of the 
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glutamic acid concentration appeared to be accompanied by a considerable 
increase in the glutamine concentration, which may be interpreted as the 
return of the amidated amino acid from the tissue or a mobilization of 
tissue glutamine. A high glutamic acid concentration in the blood appeared 
to lead to a considerable decrease in the glutamine values | hour after the 
administration. In the experiments with cats, both the decrease and the 
increase in glutamine concentration were found in the portal blood of the 
same animal as a response to an elevated glutamic acid concentration, 
These findings are an additional demonstration of the influence of the 
blood concentration of one amino acid on that of another. These experi- 
ments do not permit any prediction as to the glutamic acid and glutamine 
levels in blood to be expected if glutamic acid is administered in combina- 
tion with other amino acids, as in hydrolysates or whole protein. 
Beneficial effects of the oral administration of glutamic acid to epileptics 


III 


Concentration of Free Glutamic Acid and GI&tamine after Oral Administration of 
Glutamic Acid to Human Subjects (1 Gm. per 10 Kilos) 


Values expressed as mg. per 100 ml. of plasma. 
Time after Subject 1 Subject 2 Subject 3 Subject 4 


admin- 

eee i Acid Amide Acid | Amide , Acid | Amide Acid | Amide 
bes. | | 
0 0.6 8.4 0.6 10.6 
] 1.0 10.3 1.2 14.0 5.0 5.8 9.5 8.3 


1.0 8.9 0.8 11.3 1.0 10.0 


and mental defectives have been reported (10, 11). It had been difficult 
to understand why a daily administration of only 10 to 20 gm. of glutamic 
acid could have any effect in view of the large amounts of glutamic acid 
ordinarily ingested with protein. The absorption experiments with the 
eat show that glutamine and glutamic acid may pass the intestinal tract 
without interconversion. ‘Therefore, depending on the glutamine-glutamic 
acid ratio in the protein, a small amount of additional glutamic acid may 
considerably increase the relative intake of this amino acid. Our experi- 
ments with human subjects show that the ingestion of 2 or 3 times the 
therapeutic amount of glutamic acid leads to a significant increase in the 
blood glutamic acid level and to alterations in the metabolism of glutamine. 


SUMMARY 


A simplified modification of the method for the determination of glutamic 
acid and glutamine is described. Glutamine and glutamic acid are ab- 
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sorbed from the gut of the cat without interconversion. The elevated 
glutamic acid level in the portal blood is accompanied by a decrease in the 
glutamine level, followed by an increase. ‘The oral administration of 
glutamic acid to human subjects leads to an increase of the glutamic acid 
level in the peripheral blood, with a simultaneous decrease or increase in 


the glutamine concentration. 
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3 
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THE SPECTROPHOTOMETRIC ESTIMATION OF NICOTINE 
IN BLOOD* 


By WILLIAM A. WOLFF, MARINA A. HAWKINS, anv W. E. GILES 
(From the Tobacco Re search Laboratory, Ro Cnian Gray School of Medicine, Walks Fo: est 


Colleg: in fon-Sa Noi thi Carolina } 
(Received for publication, April 3, 1948) 


Studies on tobaeco smoking have been handicapped by the lack of 
methods sufficiently sensitive for estimating nicotine in blood. The 
amount of nicotine absorbed in the respiratory tract from cigarette smoke 
has been determined under conditions of normal smoking (2) and there 
are satisfactory procedures tor the study of urinary excretion of nicotine 
(3,4). About 50 y of micotine in a Ll hour specimen of dog urine was the 
smallest sample used in such studies (3). This quantity of nicotine is 
many times that to be expected in 10 ml. of blood from asmoker. With 
the study ot blood nicotine levels as a al ol ect the present authors 
undertook the development of a new iad” method whieh would 
permit the quantitative separation and cstimation of the minute amount 
of nicotine present in a few ml. of blood from a smoker. By the use of 
several features, novel for nicotine methods, satisfactory techniques have 
_ developed for handling | to 50 y of nicotine in 10 to 20 ml. volumes 

blood. 

Distillation unit. An all-glass apparatus was constructed with parts 
connected by and or standard taper joints lubricated with a 
thin film of silicone grease. ‘The distilling flask was made from a 500 ml. 
Kjeldahl type with a steam inlet tube fused into the neck and was fitted 
with a Corning No. 2020 connecting bulb. 

Spectvophotometer. Beekman, model DU; used as a colorimeter. 

Nicoline standards. Wighest purity nicotine (lastman, No. 1242) was 
made up in distilled water to a concentration of approximately 2 mg. per 
ml. and standardized with silicotungstie acid (5). This stoek solution 
was diluted to give the desired concentration for working standards, 
usually 0.5 to 2 y per ml. 

Sodium 

Sodium hydroxvide, c.p. pellets. 

Trichloroacetic per cent tution (we by volume). 


* This study was made possible by a grant from the Medical Relations Division 
of William Esty and Company, Ine., New York. 
A preliminary report has been made (1). 
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Potassium acetate. c.p., 5.0 per cent in 95 per cent ethanol. 

B-Naphthylamine. Eastman, No. 174; 1.2 per cent in 95 per cent ethanol 

Cyanogen bromide. Eastman, No. 919; 10.0 per cent in 95 per cent 
ethanol. 

Ethanol. U.S. P. grade, redistilled from phosphoric acid and from 
solid sodium hydroxide. 

Activated carbon. Nuchar C (West Virginia Pulp and Paper Company, 
New York). 


TABLE 
Effect of Protein Precipitants on Recovery of Nicotine Added to Blood 
40 y of nicotine were added to each 10 ml. of blood. 


Precipitant Nicotine recovered 


7 


Zine hydroxide...... 19. 


to 


m-Phosphoric acid.. 36. 


=>) 


Trienioroacetic acid............... 38. 


* Blood plasma used instead of whole blood. 


EXPERIMENTAL 


Critical studies have been made on numerous details used in nicotine 
methods. Selected experiments which have a bearing on the new features 
in the method presented here are summarized in the following sections. - 

Protein Precipitadion—Fxtensive experience in this laboratory indicated 
that the direct det@ggilf:tion of nicotine in blood was not feasible and, 
further, that nicotine must be separated quantitatively from blood protein. 
This requirement is a specific reagent which will precipitate the blood 
proteins and leave the same concentration of nicotine in both liquid and 
solid phases. This would permit analyses on aliquots of the protein-free 
filtrate. A number of protein precipitants were tested with blood or 
plasma containing definite amounts of added micotine. The results given 
in Table I indicate that nearly 100 per cent of the added nicotine ean be 
recovered by using trichloroacetic acid or m-phosphoric acid. ‘Trichloro- 
acetic acid was selected because of convenience in use and the relative 
stability of its solution in comparison to m-phosphoric acid. 


i 

? 


W. A. WOLFF, M. A. HAWKINS, AND W. E. GILES 827 


Distillation—Nicotine distils very slowly under the conditions specified 
in the official method (5) and only a fraction of a 40 y sample appears in 
the first 100 ml. of distillate. By increasing the alkali concentration to 5 
m (20 per cent sodium hydroxide, weight by volume) and keeping the 
solution in the distillation flask saturated with sodium chloride, as sug- 
gested by Bowen and Barthel (6), 1 to 50 y of nicotine is separated quanti- 
tatively in the first 20 mi. of distillate. Nicotine distils quite readily from 
alkaline solutions containing about 10 per cent ethanol, and much better 
recoveries of small samples are obtained than with the conventional steam 
distillation. All the nicotine is present in the first 20 ml. of ethanol- 
water distillate, thus permitting a larger aliquot (3 ml. instead of the usual 
2 ml. of aqueous distillate) to be used in the subsequent colorimetric deter- 
mination. Furthermore, the color is sharper and more stable with the 
ethanol distillates than with the steam distillates. 

Colorimetric E'stimation—Ot the several colorimetric procedures recom- 
mended for the estimation of nicotine, the cyanogen bromide-8-naphthyl- 
amine reaction 1s sufficiently sensitive for the present purpose. Optimum 
conditions for color development with relatively large samples of pure 
nicotine in water solutions have been studied extensively (7, 8) with results 
which were confirmed in this laboratory. However, in the present study 
if was necessary to estimate much smaller quantities of nicotine, 0.05 to 
1.0 y, in the presence of interfering substances from blood. Our best 
results were obtained when the color was developed at 20-25° at about 
pH 9. The total volume was 4 ml. and contained 10 mg. of potassium 
acetate, 6 mg. of 8-naphthvlamine, 30 mg. of cyanogen bromide, and 2 ml. 
of ethanol. In this system the color reached a maximum intensity in 6 
to 8 minutes aiter the reagents were added and faded thereafter. The 
rate of fading in the nicotine standard appeared to be different from that 
of the interfering substances. Consequently, readings were made at the 
time of maximum color intensity. The standard should contain approxi- 
mately the same concentration of nicotine as the chromogenic material 
(blank plus nicotine) present in the unknown. If larger amounts of 
nicotine are used, 2 to 10 y per determination, and the blank material does 
not contribute more than 10 per cent of the total color, satisfactory read- 
ings may be made at 20 to 30 minutes after the reagents are added, as 
recommended by others (7, 8). 

Interfering Substances—Trichloroacetic acid or m-phosphoric acid fil- 
trates from blood of non-smokers contain material which distils in steam 
from alkaline solution and reacts like nicotine with the cyanogen bromide- 
B-naphthylamine reagents. This material, designated the ‘‘nicotine 
blank,” and probably a group of compounds, shows a marked increase 
following the ingestion of purine-containing beverages (tea and coffee) and 
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also following a diet high in protein. No increase resulted from a diet of 


fruit juices or fre Canne fomstoes. We were unable LO reduce the blank 


value to zero by an exclusive carbohydrate diet for a 3 dav period. 

The blank material is remarkab!+ stable in the presence Of a variety of 
chemical reagents. There was no change in its value by (a) refluxing at 
100° for 5 hours with either 10 per cent sodium hydroxide or 10 per cent 
phosphoric acid, (4) vigorous oxidation wit} hydrogen peroxide, potassium 
permanganate, or bromine water in acid solution at 20-25°. or (c) treatment 
With nitrous acid. Treatment with silver salts in the range pH O to 8 
caused an apparent increase in color value; some 30 to 60 per cent of the 
material was precipitated bv the sliver salts. 

The blank ma terial shows the same solubilit ¥ In organie solvents as 
does nicotine. It Is readily extracted from alkaline uGueous solution by 
petroleum ether, benzene, toluene, ethy] ether, chloroform. ethylene dichlo- 


ride, and carbon tetrachloride. Dilute acid, O.1 N hydrochlorie acid In 
water, removes the blank material 


’ 
from ench of these Organic soivents. 
Nie mine Cannot he ser: ated the blank material pv differential 

extraction Withi these solve 

AM Wes mhude to differentiate nicotine from blank material by a 
spectrophotometric method. The absorption spectrum was determined 


for the reaction 


product of nicotine with the eyvanogen bromide-$-naphthyl- 


amine rCaLZents. .nder the same conditions a concentrate of interfering 


from biood of non-smokers was treated with cyanogen 


bromide-3-naphfFvlamine reagents its wbsorption spectrum deter- 


mined. Both #§ectra, Curves 1 and 2 in big. 1, showed a maximum ab- 


sorption nea mp, ith minor differences at other Waveicngtns be- 


iween mu. Pron. o.U to lily there WSs no absorption. 


Bel 


ie spectra of both reaction products were nearly the same 


gents (Curves 3, 4, and 5, Fig. 1). Differences between 
nicotine and tf blank material are too small to permit the estimation of a 
ratio by reading at two wave-lengeths. 

As an indirect approach to the chemical nature of the “nicotine blank 
the effect on the method was determined for a number of pure compounds. 


done nz Witn reagents pits compound 


being Tested anc developing iT ¢ Was 
produced OV trigonelline, nhicotinie acid. cresting ine und tetra- 
A shoht but Was produced 
cLicttii » ITY SITE. f Quant ine, 


and interte DV eine. theo- 
hr 
romine, theophylline, and ure acid. Also. seri mnterierence Is caused 
by contact with rubber or rubber compounds 


In a series of adsorption test yas found that the activated earbon. 


i i 
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Nuchar C, removed all the nicotine trom aqueous s tution but did not re- 
of move the blank material. The nicotine was completely removed by Nu- 
1k ehar C at all levels from pli toS. ihiss emed to effect a separation from 
the blank material. No method was foun { jor eluting the nicotine from 
\ianots of filtrates from the blood of non-smokers were 


we treated mn three different ways to obtain the “micotme blank. One 


d directly, a second was treated with Nuchar € in the 


ted an indirect 


mating mecotine tite pre sence Ol blank materia 


— 


580 


LENGTH MILLIMICRONS 


Ria. 1. Absorption spectra. Curves l and 5 for nieoti -l with eyvanogen 
thvimnimne, § inves oc and 5, Sail iroin of 
COrior Mace if Line PLUS be estimate 


i Ler 1?) Pike? i ryt would sit 


material 
learhed ho N 
adsorbed on the 
> 
i? 


Lake 30 ml. of oxalated blood 4b OOml. of v stadd, with stirring, 
30 mi. of OU per cent | (’ Cla rorousiv tor minutes 


ith a mechanieal stirrer to produ vided precipitate and filter 


\' rile 

through a dry paper (Wiatman No. | Pipette 50 ml. of the filtrate mto 
the distilling flosk, and add gn ehloride, 10 gm. of sodium 
hy lroxide, mi. o thie yonerator, Which 
should be near the boiling pou id with the distillation, adjusting 


‘4 
t 
i 
j 
| ite 
2 ‘ 
| | 
90) ty | 
> i 
fi | 
| 25% ETHA | | 
380 > a2 460 540 
} 


S50) ESTIMATION OF NICOTINE IN BLOOD 


tie Bunsen burner under the distillimg flask so that a constant volume is 
maintained. Collect one 20 ml. fraction and one 15 ml. fraction of the 
distillate (add 5 ml. of ethanol to the second fraction and use as a cheek 
lor the completeness of distillation in the first fraction). Pipette a second 
00 mi. aliquot of the filtrate into another distilling flask (a separate aD- 
paratus 1s used for all distillations with Nuchar C), add about 0.5 gm. of 


TABLE II 


Effect of Nuchar C on Blank Material in Blood Filtrates from Non-Smokers and op 
Added Nicotine 


y per mi y per mi y permi 
0.25 0.20 
2 0.19 0.19 
0.14 0.14 
0.29 0.3 
0.20 0.22 
t) 0.20 0.22 
ri 0.1) 0.14 
0.21 0.12 0.15 
0.14 0.14 0.18 
10 0.08 0.1] Q.11 


III 


Estimation of Nicotine in Blood from Smokers with Use of Nuchar C 


Subject No. Total color material Blank from Nuchar Nicotine present 

y per mil. y per mi. > per mil. 
I 0.22 0.10 0.12 
2 | 0.28 0.04 0.24 
3 | 0.21 0 0.21 
4 0.36 0.08 0.28 
5 0.10 0 0.10 
6 


23 0.11 0.12 


Nuchar C, the required amounts of sodium chloride, sodium hydroxide, 
and ethanol, and repeat the distillation as above. If a second aliquot of 
filtrate is not available, that portion of the distillate remaining after the 
color determination may be treated with Nuchar C and redistilled for an 
estimation of blank material. 

To develop the color prepare a reagent blank, a standard, and portions 
of both distillates in dry test-tubes. To separate tubes add 3 ml. of 25 
per cent ethanol, 0.2 to 2.0 y of nicotine in 3 ml. of 25 per cent ethanol, 3 
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ml. of the first distillate, and 3 ml. of the second distillate. Add to each 
tube from micro burettes exactly 0.2 ml. of potassium acetate, 0.5 ml. of 
3-naphthylamine, and 0.3 ml. of cyanogen bromide, mixing after the ad- 
dition of each reagent. Note the time and transfer to clean spectrophotom- 

ad at 480 mu 6 to 8 minutes after adding the reagents, 
the instrument at 100 per cent transmission with the reagent blank. 
The working temperature should be 20-22° and must not exceed 25°. 


} 


Trustworthy results are obtained only by meticulous attention to details 


|? 
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of spectrophotometrie technique. 

Recovery Experiments—-More than 100 control determinations on nicotine 
in quantities of 1 to 50 y added to 10 or 20 ml. of blood gave an average 
recovery of 90 to 95 per cent. With | y the accuracy is limited somewhat 
by instrumental errors. With larger amounts, the error appears to be a 
percentage error rather than absolute. 

Nicotine in Smokers’ Blood—The method has been used for the deter- 
mination of nicotine in blood drawn from smokers, with the results shown 
in Table IIT. Each blood was drawn at the end of an 8 hour period during 
which the subject smoked twenty or more standard brand cigarettes. 
The accuracy of these determinations is limited by the ratio of nicotine 
to the blank value. The nicotine level becomes somewhat uncertain if it 
is less than one-half the blank material. Within these limitations the 
method is suitable for the study of blood nicotine in relation to tobacco use. 


SUMMARY 


A method based on several new features has been developed for estimat- 
ing 1 to 50 y of nicotine in 10 to 20 ml. volumes of blood. ‘This represents 
a 50-fold increase in sensitivity of nicotine methods and makes possible the 
study of blood nicotine in tobacco users. 
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THE APPLICATION OF PEPTIDES CONTAINING 8-ALANINE 
TO THE STUDY OF THE SPECIFICITY OF VARIOUS 
PEPTIDASES* 


sy H. THEO HANSON? ann EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and 
the Departments of Medicine and Biological Chemistry, University of Utah 
School of Medicine, Salt Lake City) 


(Received for publication, April 26, 1948) 


Very little is known about the rdle of @-alanine in biological processes, 
although it cecurs in pantothenic acid, carnosine, und anserine. Its 
presence in the peptides is of interest since carnosine is the second most 
abundant nitrogenous extractive ot muscle. Nevertheless, the funetion 
of these peptides is unknown, and g-alanine has not been found in proteins 
(2). In addition, the behef is widely held, on the basis of Abderhalden’s 
studies (3), that peptides containing 3-amino acids are not hydrolyzed by 
proteolytic enzymes. Tlowever, the histidine of carnosine is available for 
the growth ot “unimais Cl) histidine-deficient diet (4), 

The present investigation, the first of a series concerned with the be- 
havior of peptides containing S-alanine, deals with the ability of certain 
peptidases to hydrolyze 8-alanine peptides. It was found that leucine 
aminopeptidase does not distinguish between an a- and a 8-amino group 
at the sensitive peptide bond. This situation is also hkelv to oceur with 
other enzymes in which the main specificity is directed towards the amino 
acid moiety possessing the carboxyl group. ‘his is probable with the 
aminopeptidase action of chymotrypsin and the amidase action of trypsin. 
It has recently been found by Schwert ef al. (5) that trypsin hydrolyzes 
even ester linkages. 

With enzymes which require a free amino group adjacent to the sensitive 
peptide bond, such as prolidase, glvevl-.-lencine cipeptidase, and glveyl- 
glycine dipeptidase, increasing the Cistance from the free omino group to 
the peptide bond decreases the sensitivity of the substrate quite morke ‘ly. 
In most instances, it is possible to give a quantitative statement of tis 
effect. 

It is evident that the specif city peptidases towards a-nmino scids is 

* This investigation was aided by a grant from the United States Public Health 
service, 

A report of a part ef this work was preserted at a mecti 
Society of Biological Chemists in Mareh, 1918S (1 

t Postdoctorate Fellow of the United States Public Health : 
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not absolute, and §-alanine-containing peptides can be used to secure jn- 
formation regarding enzyme specificity. It is apparent that the hydrolysis 
of compounds of unknown structure by proteolytic enzymes can no longer 
be regarded as proof that the compound contains only a-amino acids. 


Carboxy peptidase 


Carboxypeptidase was prepared from frozen beef pancreas by the method 
of Anson (6), and recrystallized five times as described by Neurath ef al, 
(7). The relative sensitivity of the various compounds may be compared 
in terms of their proteolytic coefficients (C) since the hydrolysis follows 
the kinetics of a first order reaction (Table 1). The most sensitive known 
substrate for carboxypeptidase, carbobenzoxyglycyl-L-phenylalanine (7, 
8), is hydrolyzed about 800 times as fast as the 8-alanine analogue, carbo- 
benzoxy-8-alanyl-pL-phenylalanine. Likewise, carbobenzoxyg!ycyl-L-leu- 
cine is split about 1600 times as fast as carbobenzoxy-@-alanyl-L-leucine, 

Carboxypeptidase hydrolyzes a variety of carbobenzoxy (CBZ) pep- 
tides of the accompanying configuration where the dotted line indicate, 


H i 

| 
COOH 


the point of cleavage. The introduction of a CH. group between N” and 
C” reduces the sensitivity of the substrate from 800 to 1600 times, as 
observed with the phenylalanine and leucine compounds. Although the 
second amino group has not usually been thought to influence the sensitiv- 
ity of acylated peptides, this enzyme must have a strong affinity for N’” 
as well as for N’ and the free COOH group. ‘This is somewhat surprising 
since chloroacetyl-L-phenylalanine is rapidly hydrolyzed by carboxypep- 
tidase (9). It must be concluded that an a@ substituent of some type (either 
Cl or an N-acylated residue) enhances the sensitivity of the substrate. 

It is evident from the failure to observe splitting of carbobenzoxyglycyl- 
8-alanine that the intercalation of an additional CHI, group between N’ 
and C’ reduces the sensitivity of the compound by at least 1000 times as 
compared to the corresponding L-alanine compound, or hydrolysis would 
have been noted at the enzyme concentration which was used. 


Leuctne Aminopeptidase 


Highly purified leucine aminopeptidase from hog intestinal mucosa (10) 
rapidly splits t-leucylglycine (LG) and L-leucinamide (LA) with the kinetics 
of a first order reaction. It has now been found that L-leucy]-9-alanine 
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(LBA) is hydrolyzed just as rapidly as the amide and almost as rapidly 
as LG (Table II). The hydrolysis of LBA likewise follows first order 
kinetics and C is constant over a wide range of enzyme concentration. 

The hydrolysis of LBA, like that of LA and LG, is greatly activated by 


TABLE I 
Action of Carbory peptidase on Various Substrates 


Substrates were present as sodium salts at a concentration of 0.05 M except for the 
racemic compound, which was used at 0.1 Mm. Incubations were carried out at 25°, 
buffered at pH 7.25 + 0.25 with 0.066 m phosphate. C! is the proteolytic coefficient 
obtained by dividing the first order velocity constant (AK) by the mg. of protein N 
per cc. of reaction mixture. 


Substrate | Time | Hydrol-; ci 
tration 
N hrs. per cent | 
Carbobenzoxyglycyl-L-phenylalanine 0.107. | 14 
Carbobenzoxy -§8-alanyl-pL-phenylalanine 268 LO | 4 
1.25: 59 | 0.019 
1.75 | 69 0.018 
0.017 
214 1.0 | 36 | 0.015 
1.75] 54 | 0.015 
2.25 | 66 0.016 
Carbobenzoxyglycyl-L-leucine 3.1 0.75 | 42 2.4 
1.5 | 60 2.1 
: 1.5 15 | 0.0015 
2.0 IS | 0.0014 
3.0 | 30 | 0.0016 
4.25 34 | 0.0013 
22 73 | 
Carbobenzoxyglycyl-L-alanine* 40 | | | 0.038 
Carbobenzoxyglycylglycine* 320 | 0.0024 
Carbobenzoxvglycyl-8-alanine | 320 19 
Carbobenzoxy-§-alanyl-8-alanine 320 19 
Carbobenzoxy-8-alanylglycine 320 19 


* Data of Stahmann, Fruton, and Bergmann (8). 


Mn*+*, and the activation by Mn** is a time reaction (10). Moreover, 
the finding that the rates of hydrolysis are not additive when both sub- 
strates are present (Cra, 0.54; Crpa, 0.51; Crasrpa, 0.62) also indicates 
that only one enzyme is involved; the small increase is probably due to 
the doubling of the substrate concentration. 
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The fact that this enzyme hydrolyzes LA, LBA, LG, and t-leucylglycyl- 
glycine at about the same rate suggests that its specificity is essentially 
that of an amidase, and that it is capable of hydrolyzing many types of 
substituted amides as well as peptides. 

Aqueous extracts of rat muscle contain a leucine aminopeptidase which 
is activated by Mnt** and which rapidly hydrolyzes LG (11). This reae- 
tion follows zero order kinetics. LG is split by this extract 3 times as 


II 
Hydrolysis of u-Leucyl-B8-alanine by Leucine Aminopeptidase of Hog Intestinal Mucosa 
The purified enzyme was incubated at 40° and pH 8.0 for 3 hours with Mn*? 
before addition to the substrate. The hydrolytic tests were performed in verona] 
buffer at pH 8.0. The substrate concentration was 0.05 w except for the experi- 
ment involving two compounds in which each was present at 0.05 


Enzyme Mn** in 


Substrate concen- test solu- Time Hy drol- Cc} C, aver- 
tration tion age 
mole per | ars 
L-Leucylglycine 1.7 | 0.001 0.63 
-Leucinamide {2 None 0.014 
3.4 0.00} 1.0 55 
2) 49 
2.0 39 0.55 
2.2 
52 0.54 
0) 64 0.56 0.54 
.-Leucyl-S8-alanine None O88 
0 00] () 59 
3.4 1) OO] 50 
0 00) 0.50 
S.4 0.001 0.75 35 0.5] 
1.0 1) 0.54 
1.25 60 0.52 | 0.62 
t-Leucinamide L-leucyl-§-alanine 3.4 0.001 0.62 


fast as is LBA (Table II]). The splitting of LBA also follows zero order 
kineties and is activated by Mn*>. 

Table III also gives the activities of an extract of human uterus (11). 
This preparation apparently contains a leucine aminopeptidase which is 
activated by Mn** and another enzyme which is not so activated but 
which also acts on LG. In the presence of Mn**, this extract hydro- 
lvzes LG much more rapidly than LA; the second enzyme which acts 
on LG is probably not homospecific with the intestinal leucine amino- 


peptidase (11). 
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The hydrolysis of LG by the uterine preparation proceeds about 8 times 
as fast as the hydrolysis of LBA as judged from the zero order coefficients. 
The splitting of LBA is activated by Mnt+. 

If the leucine aminopeptidases of different origin were completely homo- 


TABLE III 


Action of Leucine Amtnopeptidase of Rat Muscle and of Human Uterus on L-Leucyl-f- 
alanine 


The rat muscle extract was a freshly prepared aqueous solution. The uterine 
extract was prepared from an acetone-dried powder of an aqueous extract of the 
tissue. The experiments were performed at 40° in veronal buffer at pH 8.0. C® ig 
the zero order velocity constant expressed as per cent hydrolysis per minute per mg. 
of protein N per ce. 


Tissue Substrate Mntt Time Hydrol- | Ce 
tration 
| hrs. per cent | 
Rat muscle L-Leucylglycine 0.001 0.30 
Lat 
1.3 
2.0 83 2.2 
L-Leucyl-8-alanine 0.001 1.20 0.5 28 0.78 
1.0 58 0.76 
1.5 82 0.76 
OH 
L-Leucyl-8-alanine None 1.0 20) 0.27 


Human uterus L-Leucylglycine 0.00] 0.0692 | 1.0; 22 5.3 
1.9 29 4.6 

2.0 4] 4.9 

2.0 o2 4.9 

>. 0 H2 4.9 

0.00] 0.692 1.0 ol 

1.5 1() 0.63 

2.01 62 0.62 

2.9 55 0.52 

3.0} 0.60 


specific enzymes, the ratio CyeiCrp, should be constant. However, with 
the preparation from hog intestine the ratio is 1.2, with rat muscle 3.1, and 
With human uterus 8.1. This is additional evidence for the presence of 2 
second enzyme in uterus which acts on LG and which possesses a specificity 


different from that of the aminopeptidase. 
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Prolidase 
A partially purified preparation of prolidase trom hog intestinal mucosa 
(10) hydrolyzes glycyl-L-proline (GP) about 330 times more rapidly than 
B-alanyl-L-proline (BP) (Table IV). The hydrolysis of both compounds 
proceeds with the kinetics of a first order reaction. The splitting of BP js 
activated by Mn**, and the activation is a time reaction (11). That both 


TaBLe IV 
Action of Prolidase on 8-Alanyl-.-proline 
in each instance, the enzyme was incubated at 40° and pli 8.0 with Mn’? for 3 
hours before addition to the test solutions. The tests were performed in verona] 
buffer at S.0 at a final Mn** concentration of 0.001 mM.) When two compounds were 
used, each was present at 0.05 Mm. Cis the first order proteolytic coefficient. 


Enzyme Fe 
Preparation Substrate concen- Time Hy drol- C1 x 193 Average 
tration 108 


Ars. per cent 
Ilog intestinal Cilyeyl-L-proline 0.0039 300 
Mucosa I 8-Alanyl-L-proline 1.16 1.75 | 28 1.2 
| 2.251 37 1.3 
6.0 | 60 | 0.9 
1.2 
Mucosa II +- | 0.0016 450 
8-alanyl-.-proline | 
Rabbit muscle (;lyeyl-L-proline 0.31 1.0 44 14 
1.5 | 
2.0 64 4 13.3 
8-Alanyl-L-proline | 1.84 | 19 | 24 | 0.057 | 
| 25.5 | 29 | 0.053 | 
| 43 52 | 0.068 | 
18 53 «40.062 0.062 
Gilyeyl-L-proline + 0.3] 0.5 12 6.1 
8-alanyl-L-proline 1.0 24 6.5 
1.5 32 6.0 
2.0 44 


compounds appear to be split by the same enzyme is also indicated by 
experiments in which both were present simultaneously but with an enzyme 
concentration which was too low to effect any hydrolysis of BP. Under 
these circumstances, the rate of splitting of GP was reduced by 56 per 
cent. This suggests that the two compounds compete for the same active 
center in the enzyme. 

Prolidase of rabbit muscle is homospecific with the intestinal enzyme 
(11). The homospecificity is further indicated by the fact that GP is 
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hydrolyzed about 210 times faster than BP in experiments with the enzyme 
from muscle. ‘The inhibition in a competition experiment was 52 per cent. 

The great reduction in the rate of hydrolysis by the insertion of a CH, 
group between the free amino group and the sensitive peptide bond indi- 
eates that this distance is quite critical. Nevertheless, BP ean combine 
equally well with the enzyme, as is indicated by the 50 per cent inhibition 
which oecurs when both compounds are present. These experiments 


TABLE V 
Hydrolysis of Glycyl-.-leucine and B-Alanyl-i-leucine by Uterine Extract 

The extract of human uterus was tested at 40° in the presence of 0.001 m Zn*+ 
and 0.1 Mm phosphate buffer at pH 7.8. The single substrates were present at a 
concentration of 0.05 Mm. In the mixture, each substrate was used at a concentra- 
tion of 0.05 mM. Cis the proteolytic coefficient obtained from the first order ve- 
locity constant, A, and the enzyme concentration, , expressed in mg. of protein 
N per ce. where C! = K/E. 


Substrate | Time | Hydrolysis Cc} 
Ars. per cent 
Glycyl-L-leucine 0.0102 1.9 34 
1.5 51 0.34 
2.0 64 
2.5 75 | 0.39 
3.0 SO 0.38 
8-Alanyl-L-leucine 0.346 1.5 12 0.0018 
2.0 14 0.0015 
2.0 16 0.0014 
3.25 22 0.0017 
Glycyl-L-leucine 4- 8-alanyl-L- 0.0102 1.0 28 
leucine 1.5 36 0.2] 
2.0 45 0.21 
2.0 0.20 
3.0 66 0.26 


provide further evidence for the necessity of a free amino group in the 
substrates for this enzyme. It has previously been reported that carbo- 
benzoxyglycyl-L-proline (12) and carbobenzoxyglycylhydroxy-L-proline (10) 
are resistant to hydrolysis. 


Grlycyl-L-leucine Dipeptidase 


A dipeptidase which acts on glycyl-L-leucine has recently been described 
(13). The enzyme from human uterus which is activated by Zn+* hydro- 
lyzes glycyl-L-leucine about 250 times more rapidly than 8-alanyl-L-leucine 


(Table V). The hydrolysis follows the kineties of a first order reaction. 
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The presence of the 8-alanine peptide i 


nhoibits the hydrolysis ot glyeyl-t. 
leucine about 30) per eent, as is Indicated by reduction of from 0.36 to 


0.22. Under the conditions employed for this test, splitting of 8-alanyl-. 


leucine would be negligible. This demonstrates that the substrates com. 


here Ls anal VOUS to that 


pete for the same active center. The situation 


already discussed hor prolidase. 


} lalycine Dip 


The properties of «a glyeylglycine dipeptidase which is uetivated by 
nave recentiv been deseribed if now heen round that 
\ | 
The tissue extracts were similar to those desertbed tn Table ITT] Phe tests wer 
performed at 40° in v | buffer at pHi 7.8 
7. 
Hy 
Tissue Substra col 
tra IM 
7 M 
fein 
per ceni per ce fer cent 
Human uter Cilycyl]-6-alanine 222 17 25 12 
65 \lanviglvcine 0). 546 ] 
3-Alany!-B-alanine 0.346 24 3 
0.222 v4 is 
Rat muscle (;lycvl-B-alanine 16 24 i 
\lanyvlglycine ob 13 2 
8-Alanyl-8 I U ob 


extracts rich in this enzyme do not split 6-alanvlelvcine or 8-alanyl-é- 
alanine ( Pable \ | It is also evicde -alanine is slows 


hydrolyzed, and that the reaction n V be slightiy setivated bv Cor, 
With the uterine preparation, the hydrolysis of glveyl-pi-alanine is 
slightly activated by Mn** and not bv CA it is evident that the 
splitting of glycyl-3-alanine is not due to this enzyme. The fact that 
lanvielyvcine are hot hydrolyzed also indicates 


— 


G-alanyl-G-alanine and | 
that the eCNZVmMe which acts on glycy!] DL-alanine has no action on these 


B-alanine peptides. 
Lrip piidase Aci of Pai 


A fresh extract of rat muscle hydrolyzes triglyeine very rapidly, and 


acts on glvevl-G-alanviglvcine and (Table VII). The 
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hydrolysis of B-alanylglycylglycine was very slow. The aged extract 
hydrolyzes only one peptide bond of triglyeine; this is consistent with the 
known lability of the elycylglycine dipeptidase of this tissue (1 55 

The loss of activity towards B-alanylelyeylglycine in the aged extract 
‘ndicates that the splitting of this compound is due to an enzyme distinct 
fom the cne which acts on triglyeine. Whether the other three tripep- 


ge 


tides are all split by the same enzyme cannot be decided at present. 


EXPERIMENTAL 
The tests were performed in 2.9 ce. volumetric flasks. Ifydrolysis was 


followed on 0.2 cc. samples by the titration of liberated carboxyl groups 


pre, f 
Crud red CAV Of rat muscie was Used tests Within afew 
hours aiter e animai Was killed. fie aged extract had been allowed to standin the 
refrigerator for 56 days. [he enzvme concentration was 0.60 mg. of protein N per ec. 


in the test solutions. The experiments were performed at 40° in veronal buffer at 
pil ri 


Hy drolysis 


Time 
Fresh extract Aged extract 
hrs per cent per cent 
i6 
20 147* 102 
and ‘ 
100 
52 06 
} Ala vigivey j 
19 7 


. Hydrolysis ofa single peptide bond is given as 100 per eent. 


(15). The splitting is expressed as 100 per cent for the complete hydrolysis 
of one peptide bond. Except where otherwise and the substrate con- 
centration was 0.00 M. 

Rabbit muscle prolidase was prepared from a crude, filtered, aqueous 
extract of fresh muscle. The precipitate obtained by the addition of 
volumes of cold aectone to the extract was collected, washed with cold 
acetone. and dried. This powder was extracted with water, and the 
precipitate which formed between 0.4 and 0.6 saturation with ammonium 
sulfate was dialyzed and filtered. 

In addition to the eompounds used in the enzymatic studies, the synthe- 
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sis of a number of other derivatives of 6-alanine and of two derivatives of 
L-alanine is deseribed. 


Glycyl-B-alanine 


Carbobenzoxyglycyl-B-alanine--To a solution at 0° of 4 gm. of 3-alanine 
in 20 ce. of 2 Mm NaOH, there were added with cooling and shaking an ad- 
ditional 25 ec. of 2M NaOH and an ethereal solution of carbobenzoxyglyey| 
chloride from 12.6 gm. of carbobenzoxyglycine. After standing for |] 
hour at room temperature, the ether layer was discarded and the aqueous 
phase was acidified to Congo red with 5m HCl. Yield, 8.5 gm.; rosettes 
of needles. After reerystallization from hot water, the melting point was 
140°. 


5.8, N 10.0 


Calculated. C 55.7, H 
280.3 Found. 
Chloreacetyl-8-alanine—To 15 gm. of 8-alanine in 42 ec. of 4 mM NaOH at 
0°, there were added alternately in portions, with cooling and shaking, 21 
gm. of chloroacetyl chloride in 85 ee. of ether and 65 cc. of 4 mM NaOH, 
After standing for | hour at room temperature, with occasional shaking, 
the aqueous solution was acidified. The solvent was evaporated in vacuo, 
and the residue extracted three times with hot acetone. The combined 
acetone solutions were concentrated under reduced pressure until precipi- 
tation began. Crystallization was completed by the addition of chloro- 
form. Yield, 21 gm. The compound was recrystallized from chloroform 
as plates, with a melting point of 95°. This compound has been described 
as an oil (16). 
C.HsO,NCI (165.6). Calculated, N 8.5; found, N 8.6 


Glycyl-8-alanine—-16 gm. of chloroacetyl-s-alanine were allowed to 
stand for 3 days with 80 cc. of concentrated aqueous NHgOH. The com- 
pound crystallized on addition otf ethanol after concentration tn vacuo. 
‘The erystals were extracted three times with hot 95 per cent ethanol, and 
recrystallized twice from water-ethanol. Yield, 8.1 gm. of small square 
plates; m.p., 228° (decomposition). Miyamichi (16) gives 233° (decom- 
position); Abderhalden and Reich (3) give 230° (decomposition). 


C;,;H,0O;N2. Caleulated. C 41.1, H 6.9, N 19.2 


This compound was also obtained in quantitative vield by hydrogena- 
tion of carbobenzoxyglycy!-8-alanine. 
8-Alanyl-8-alanine 


Carbobenzoxy-8-alanyl-8-alanine—4.3 gm. of B-alanine were coupled as 
described above with the acid chloride from 10 gm. of carbobenzoxy-f- 


‘ 
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alanine (17). Acidification gave 5.6 gm. of needles. These were recrys- 
tallized from hot water; m.p., 144-145°. 


CygllysOgNe (294.9). Calculated, N 9.52; found, N 9.59 


g-Alanyl-8-alanine—3 gm. of were dis- 
solved in 50 ec. of methanol containing 3 ec. of water and 3 cc. of glacial 
acetic acid. ‘The compound was hydrogenated at atmospheric pressure 
in the presence of palladium black. After filtration, the solution was 
concentrated zn vacuo, and the dipeptide crystallized as tiny needles on 
standing with ethanol. Yield, 1.5 gm.; m.p., 212°. 


(160.2). Calculated, N 17.49; found, N 17.44 


8-Alanylglycine 


Carbobenzoxry-3-alanylglycine—4 gm. of glycine were coupled with the 
acid chloride from 5 gm. of carbobenzoxy-S-alanine as described above. 
Yield, 6.7 gm. of needles. After recrystallization from hot water, the 
melting point was 146-149°. 

Calculated. C 55.7, H 5.8, N 10.0 
280.3 Found. 56.6, * 

B-Alanylglycine—4.0 gm. of carbobenzoxy-6-alanylglycine were hydro- 
genated as described above. Yield, 2.0 gm. of prisms on standing with 
ethanol; m.p. 226°. 


C'sHyoO3Ne2 (146.1). Caleulated, N 19.19; found, N 19.35 


B3-Alanyl-L-leucine 


Carbobenzocy-3-alanyl-L-leucine—6.5 gm. of L-leucine were coupled with 
the acid chloride trom 5 gm. of carbobenzoxy-8-alanine as deseribed above. 
After acidification, the product crystallized as tiny plates. After recrys- 
tallization from hot water, the vield was 7.2 gm.; m.p., 111°. 


Calculated. C 60.7, H 7.2, N 8.3 


8-Alanyl-L-leucine—liydrogenation of 2.6 gm. of the above compound 
gave 1.4 @m. of needles on standing with ethanol; m.p., 245°. 
C4H,sO3;N-2 (202.2). Calculated. N 13.9; found, N 14.2 


lalp = —31.0° (1.5 % in water) 


L-Leucyl-8-alantne-—-8 gm. of carbobenzoxy-t-leucine hydrazide were con- 
verted to the azide as previously described (18). The washed and dried 
ether solution of the azide was added to an ethyl acetate solution of 
8-alanine ethyl ester (from 5.5 gm. of the hydrochloride). The mixture 
was allowed to stand overnight. It was then washed with dilute HCl, | 
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water, dilute bicarbonate, and water. The solution was dried over Na,SO, 
and eoneentrated to a thick syrup. The carbobenzoxy dipeptide ester 
was saponified in 590 ec. of methanol by the addition of 20 ec. of 1 M NaOH. 
After 30 minutes at room temperature, the solution was acidified and 
concentrated to dryness. The oily earbobenzoxy dipeptide was hydro- 
genated in the usual manner. The peptide erystallized from 95 per cent 
ethanol; m.p., 214°. The yield was 2.8 gm., or 49 per cent of theory eal- 
culated from the quantity of hydrazide. 
C,H (202.2). Caleulated, N 13.85; found, N 13.87 


lalp = +28 0° (5 “ in water) 
pL-Leucyl-s-alanine has been described by Abderhalden and Reich (3), 


B-A lanyl-L-proline 


Carbobenzoxy-3-alanyl-L-proline—95.7 gm. ot L-proline were coupled with 
carbobenzoxy-3-alanyl chloride as deseribed above. After acidification, 
the oily product was extracted into ethyl acetate and dried over NaoSQ,. 
7.1 gm. of needles were obtained after cautious addition of dry petro- 
leum ether; m.p., 91—93°. 


(320.3). Calculated, N 8.75; found, N 8.69 


B-Alanyl-L-proline—Hydrogenation of 5 gm. of the above compound 
gave 2.4 gm. of prisms on standing with ethanol; m.p., 211°. 
(186.2). Calculated, N 15.05; found, N 14.77 


i 


lalpn = —93.3° (1.5 “ in water) 


Ethyl Ester—Yo an ethereal so- 
lution of phenylalanine ethyl ester (from 6.4 gm. of the hydrochloride), 
there was added at 0° a 10 per cent excess of carbobenzoxv-8-alanyl chlo- 
ride. This was shaken with a cold saturated aqueous solution of potas- 
sium bicarbonate. Ethyl acetate was added to the reaction mixture to 
dissolve the carbobenzoxy dipeptide ester which crystallized spontaneously. 
After 1 hour at room temperature, the ethyl acetate-ether solution was 
washed and dried in the usual manner. 8.5 gm. of prisms were obtained 
by concentrating the solution im vacuo. After reerystallization from 
ethanol-water, the melting point was 88-89". 


(398.9). Calculated, N found, N ¢.17 


gm. of the above. ester 
were saponified at room temperature in 30 cc. of ethanol and 9.2 cc. of M 
NaOH. After 30 minutes, the solution was acidified to yield 2.3 gm. of 
needles; m.p., 142°. 
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CagHw2O,;Ne2 (3870.4). Caleulated, N 7.57; found, N 7.62 


B-Alanyl, lycyiglycine 

Carbobenzoxy-B-alanylglycylglycine— The chloride obtained from 12 gm. 
of carbobenzoxy-6-alanine was coupled to glycylglyeine prepared from 
5.7 gm. of glycine anhydride (19). Yield, 14 gm. The compound was 
recrystallized from methanol, and then from water; m.p., 184—-185°. 

C,sH19O6N; (337.3). Calculated, N 12.5; found, N 12.8 

8-Alanylylycylglyctine—5.4 gm. of the carbobenzoxy tripeptide were 
hydrogenated and worked up in the usual manner. The tripeptide was 
recrystallized from water-ethanol. Yield, 3.1 gm.; m.p., 228° (decom- 
position ). 


7H, (203.2). Calculated, N 20.7; found, N 21.0 


Glycyl-3-alanylglycine 


gm. of B-alanylglyecine were cou- 
pled with 4.1 gm. of carbobenzoxyglyceyl chloride. Yield, 4.6 gm. in 
rosettes of small needles. The melting point was 177-180" after reerystal- 


lization from hot water. 
C,sHwOseN; (337.3). Caleulated, N 12.5; found, N 12.7 


Glycyl-p-alanylglyctne—3 gm. of the above compound gave on hydro- 
genation 1.6 em. of the tripeptide; m.p., 230° (decomposition). 


(3,H,,;0,N; (203.2). Calculated, N 20.7; found, N 20.9 


Diglycyl-B-alanine 


Carbobenzoxydiglycyl-B-alanine—7.6 gm. of earbobenzoxyglycyl chloride 
were coupled with 4.5 gm. of g!ycyl-3-alanine as described above. Yield, 
7.0 gm.; m.p., 187-189°, after reerystallization from hot water. 


C13;H,;,O68N; (337.3). Calculated, N 12.5; found, N 12.5 


This compound was also prepared by saponification of the ethyl ester 
described below. Caleulated, N 12.5; found, 12.4. 

Ethyl Ester—7.5 gm. of carbobenzoxygly- 
eylglyeine hydrazide were converted to the crystalline azide (20). The 
azide was coupled in ethyl acetate with G-alanine ester prepared from 3.1 
gm. of the hydrochloride. After 386 hours at room temperature, the solu- 
tion was worked up in the usual manner and concentrated im vacue. Yield, 
3.9 gm.; m.p., 142°, after reerystallization trom ethyl acetate-petroleum 
ether, 
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C,7H2;06N;. Calculated. C 55.9, H 6.3, N 11.5 


Diglycyl-8-alanine—5.2 gm. of carbobenzoxydiglycyl-s-alanine were hy. 
drogenated as usual. Water was added to dissolve the product before 
the catalyst was filtered off. The tripeptide crystallized on removal of 
the solvent. Yield, 3.0 gm.; m.p., 200° (decomposition). 


C7H1;04N; (203.2). Calculated, N 20.7; found, N 20.8 


Carbobenzoxy-8-alanylglycine Ethyl Ester—The acid chloride from 12 gm, 
of carbobenzoxy-§-alanine was coupled in ethyl acetate with glycine 
ethyl ester (from 14 gm. of the hydrochloride). The solution was allowed 
to stand for several hours, the crystalline ester hydrochloride was filtered 
off, and the filtrate was washed and dried as usual. [evaporation of the 
solvent gave 6.8 gm. of the product; m.p., 95—96°. 


(308.2). Calculated, N 9.1; found, 


Carbobenzoxy-8-alanylglycinamide—6.5 gm. of the above ester were dis- 
solved in 200 cc. of absolute methanol which had been saturated in the 
cold with NH; gas. After standing for 2 days at room temperature, the 
solution was repeatedly concentrated in vacuo with methanol to vield 4.8 
gm. of crystals; m.p., 176° after recrystallization from hot water. 


Cy3Hy7OuNs. Calculated. + 55.9, H 6.1, N 15.1 


8-Alanylglycinamide Acetate—3 gm. of the above compound were hydro- 
genated in the usual way. The product was recrystallized from methanol- 
ether. Yield, 1.4 gm.; m.p., 118-120°. 


C,7Hy;0.N; (205.2). Caleulated, N 20.5; found, N 20.2 


Carbobenzoxyglycyl-B-alanine Ethyl Ester—An ethereal solution of the 
chloride from 9 gm. of carbobenzoxyglycine was added at O° to an ethyl 
acetate solution of 8-alanine ester prepared from 4.3 gm. of the hydro- 
chloride. The solution was shaken with dilute bicarbonate for 20 minutes. 
The ethyl acetate-ether layer was worked up in the usual manner. The 
product crystallized in rosettes of needles after standing in ether-petroleum 
ether. Yield, 3.5 gm.; m.p., 63-64". 


CyisHeeOsNe2 (308.2). Calculated, N 9.1; found, N 8.8 
Carbobenzoxryglycyl-B-alaninamide—3.1 gm. of the above ester were am- 
idated as described above. On concentration in vacuo, 2.3 gm. of fine 


needles were obtained. The compound was recrystallized from methanol- 
ether; m.p., 179°. 


Ci3H;70O,N, (279.3). Calculated, N 15.1; found, N 15.1 
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Carbobenzoxy-8-alaninamide—11.2 gm. of carbobenzoxy-8-alanine in 
300 ec. of absolute methanol were esterified with dry HCl in the usual 
manner. The partly crystalline carbobenzoxy-S-alanine methyl ester 
was amidated in methanol-ammonia. On concentration in vacuo, 4.3 gm. 
of the compound were obtained. It was recrystallized from ethanol as 
elongated plates; m.p., 164°. 


CiiH4O:Ne. Calculated. C 59.4, H 6.4, N 12.6 


This compound was made from the acid chloride and NH; by Rapport 
et al. (21), who report a melting point of 163-164°. 

B-Alaninamide Acectate—Hydrogenation of 2.5 gm. of the carbobenzoxy 
compound gave 1.4 gm. of prisms on standing with ether. After recrys- 
tallization from ethanol, the compound melted at 118°. 


CsH;2O2,Ne (148.2). Calculated, N 18.9; found, N 19.1 


The corresponding hydrochloride (m.p., 149°) has been deseribed (22). 

t-Alaninamide Hydrochloride—The syrupy ethyl ester hydrochloride 
from 15 gm. of L-alanine was amidated in the usual manner. ‘The slight 
precipitate was discarded and the mother liquor concentrated im vacuo. 
Yield, 14.7 gm. The compound was obtained as fine needles after recrys- 
tallization from methanol-ether; m.p., 196-199”. 


C.H,ON.CI (124.6). Calculated, N 22.6; found, N 22.4 


The corresponding DL compound (m.p., 170°) has been described (22). 

Benzoyl-L-alaninamide—An aqueous solution of 3.1 gm. of L-alaninamide 
hydrochloride at O° was treated with 10 gm. of sodium bicarbonate and 7 
gm. of benzoyl chloride. Yield, 4.5 gm. of prisms; m.p., 235-240°, after 
reerystallization from hot water. The pL compound melts at 229—230° 
(22). 


(192.2). Caleulated, N 14.57; found, N 14.57 


SUMMARY 


1. Crystalline pancreatic carboxypeptidase hydrolyzes carbobenzoxy- 
glyeyvlamino acids about 800 to 1600 times faster than it does the corre- 
sponding carbobenzoxy-3-alanyvlamino acids. 

2. Leucine aminopeptidase of hog intestinal mucosa’ hydrolyzes L- 
leucyl-g-alanine at almost the same rate as L-leucylglyeine, showing the 
aminopeptidase character of this enzyme. ‘The crude aminopeptidase 
preparations of human uterus and rat muscle also hydrolyze L-leucyl-8- 
alanine. Further evidence is given that the uterine extract contains an 
enzyme, in addition to the aminopeptidase, which hydrolyzes t-leucyl- 
glycine. 
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The prolidases of hog intestinal mucosa and of rabbit muscle hydrolyze 
glycyl-L-proline about 200 to 300 times more rapidly 8-alanyl-1- 
proline. Moreover, the hydrolysis of glyevl-L-proline is inhibited about 
00 per cent in the presence of an equimolar concentration of the 3-alanyl 
compound. 

The hydrolysis of glvevl-L-leucine by an enzyme from human uterus 
is about 200 times as fast as that of J-nlanvl-L-leucine. 

No hydrolysis of 3-elanyl-3-alanine or of and only 
sight hydrolysis of glveyvl-s-alanine were detected with preparations of 
— uterus or ot rat musele which are rich in glyeviglycine cipeptidase. 

An extract of rat muscle hydrolyzed trighvcine, glveyvl-3-alanylglvcine, 
en diglveyl-3-alanine. The action on 8-alanylglyeviglycine was very 
slow and was lost on standing under conditions which did not influence 
the splitting of the other tripeptides. 

The synthesis of a number of derivatives and peptides of 3-alanine 


and of L-alanine Is deseribed. 
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A RAPID METHOD FOR THE DETERMINATION OF CITRIC 
ACID* 


By MURRAY SAFFRAN anp ORVILLE F. DENSTEDT 


(From the Department of Biochemistry, McGill University, Montreal, Canada) 
(Received for publication, June 2, 1948) 


Numerous methods, enzymatic and chemical, have been reported for 
the determination of small amounts of citric acid in biological fluids. Of 
the chemical methods the majority involve the conversion of the citric acid 
to pentabromoacetone, which may be estimated by various gravimetric, 
titrimetric, or colorimetric procedures. ‘The more recent modifications 
(1-3) of the method have simplified it and increased the sensitivity. ven 
in the simplified methods, however, the procedures are laborious. The 
method to be described is an application of the Furth-Herrmann reaction 
(4) and is considerably more rapid and simple to carry out. 

Furth-Herrmann Reaction-—Vhe Furth-Herrmann reaction consists sim- 
ply in taking up the deproteinized sample in warm acetic anhydride and 
adding pyridine. Citrie acid gives a carmine-red color, aconitic acid 
violet-red, and tartaric acid emerald-green. The reaction must be carried 
out under anhydrous conditions. Gronvall (5), in 1937, used it in a roughly 
quantitative manner for estimating citric acid in the fluids of the eye, the 
water being removed by evaporation. Although the reaction gives satis- 
factory results with simple solutions of citric acid, the color development is 
erratic When the reaction is applied to dried residues of deproteinized serum. 
This difficulty may be overcome by using an excess of acetic anhydride for 
dehydration instead of evaporating the sample to dryness. Under these 
conditions both citrie and aconitic acids, on the addition of pyridine, give a 
yellow color which is nearly proportional to the concentration. By careful 
control of conditions the modified method can be used to estimate the 
total of citric and aconitic acids, or aconitic acid alone. Citric acid may be 
obtained by difference. In practice, however, since the amount of aconitic 
acid in animal tissues and fluids is negligible. the method may be used for 
the direct estimation of eitrie acid. 


* This work was incidental to a larger study on citrie acid metabcolism which was 
initiated under a grant from the Baxter Laboratories of Canada Limited, Acton, 
Ontario, and was continued during the tenure of a Life Insurance Medical Research 
Student Fellowship by one of us (M.8.). A preliminary communication was pre- 
sented at the meeting of the Chemical Institute of Canada, Toronto, June 25, 1946. 
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Method 


1! ml. portions of the deproteinized samples, containing 5 per cent tri- 
chloroacetic acid and between 15 and 400 vy of citric acid, are pipetted into 
dry colorimeter tubes. Exactly 8 ml. of anhydrous reagent grade acetie 
anhydride are then added from a burette, and the tubes are closed with 
rubber stoppers and are placed for 10 minutes in a constant level water bath 
kept at 60° + 1°. Then exactly 1 ml. of dry reagent grade pyridine is 
added to each tube, and the tubes are restoppered as quickly as possible 
and are placed in the bath for 40 minutes. At the end of the period they 
are transferred to an ice-water bath for 5 minutes. Finally, they are wiped 
dry and the color is read in the Evelyn colorimeter, with Filter 420 or 400, 
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Fic. 1. Typical standard curve. 
Fia. 2. Absorption of the color formed with citric acid ineasured by the Evelyn 
photoelectric colorimeter with various filters, 


with the 10 ml. aperture. A blank, starting with | mi. of 5 per cent tri- 
chloroacetic acid solution, is carried through the same operations as de- 
scribed and is used to set the colorimeter. 

Standard Curve—<aAs the intensity of the color deviates slightly from 
Beer’s law, it is desirable to include in each run one or two tubes with 
known amounts of citric acid. A standard eurve 1s constructed with 1 
ml. portions of citric acid solutions, containing from 15 to 400 y, in 5 per 
cent trichloroacetic acid. A typical standard curve is shown in Fig. 1. 

Choice of Filter—The light transmission with the colored solution and 
various Evelyn filters is illustrated in Fig. 2. Filter 400 gives only slightly 
greater sensitivity than does Filter 420. Absorption tests in the ultraviolet 


with the Beckman quartz spectrophotometer indicate an even greater 
sensitivity at still shorter wave-lengths. 
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Effect of Temperature—The intensity and stability of the color depend 
on the temperature. Acetic anhydride and the water of the sample react 
during a 10 minute heating at 60° to form acetic acid. When pyridine is 
added, heat is evolved so rapidly that the contents of the tube will boil 
if the temperature 1s not controlled. Although heat accelerates the de- 
velopment of the color, too high a temperature will cause it to fade rapidly 
after it reaches the maximum. At moderate temperatures the color is 
stable. Fig. 3 illustrates the effect of temperature on the development 
and intensity of the color. While heating at 40° yields the most intense 
color, a maximum is reached only in 2 hours. We have chosen 60° because 
of the more rapid development and excellent stability of the color. 

Interfering Substances—Many organic acids, when used in relatively 
large amounts, yield a yellow color with acetic anhydride and pyridine. 


Fic. 3. Color development with citric acid at various temperatures. A Lumetron 
colorimeter, with the purple filter, was used to measure the color. 


The small amounts of these substances present in animal tissues and fluids, 
with the exception of urine, however, cause no interference. Urine con- 
tains a chromogen which apparently is not citric acid, since removal of the 
latter by treatment with acid permanganate and potassium bromide, and 
extraction with petroleum ether, does not diminish greatly the vellow color 
formed with acetic anhydride and pyridine. 

No considerable interference in the color reaction is caused by gluta- 
thione, glucose, urea, purified plasma protein, or by succinic, ascorbic, 
oxalic, and malonie acids. Fumaric, pyruvic, and /-malie acids give less 
than | per cent of the color produced by an equal amount of citrie acid. 
Tartaric, itaconic and isocitrie acids yield appreciable colors, but: of these 
only isocitric acid occurs in the animal body. 

Precision of Method—Satisfactory recoveries of aided citric acid have 
been obtained from tissue extracts and suspensions (Table I), but recoveries 
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from serum are consistently low as 75 to 80 per cent of the theoretical values 
(Table II). Nevertheless. the method ean be used satisfactorily with 


TABLE I 


Recovertes of Citric Acid from Fluid in Manometric Experiments 


Citrate 
In sample Added Found 
micromole micromoles micromoles per cent | 
Rat kidney slices 0.00 1.00 1.06 106 
0.02 1.00 .99 G7 
Pigeon liver homogenate 0.84 2.00 2 .96 106 
O.S6 2.00 2.96 105 
0.90 2.00 3.20 115 
0.94 2.00 3.08 107, 
Rabbit kidney homogenates 0.15 1.00 1.07 eh 
0.15 1.00 1.10 95 
0.23 1.00 £235 92 
0.24 1.00 9] 
0.04 1.00 0.99 95 
0.03 1.00 1.04 101 
1.00 1.00 46 
0.03 1.00 1 .O2 9Y 
0.33 0.50 OS 
0.50 0.79 96 
0.31 0.50 O4 
0.32 0.50 0.79 G4 
0.33 0.50 100 
Average recovery, 9S .Y' 0; mean deviation, ‘ 
TABLE | | 
Recovery of Citric Afid an | 
Citric acid 
Per cent 
Human, lyophilized and 0.04 1.00 SO 
stituted 0.04 1.00 70 
0.04 1.00 0.79 70 
0.00 1.00 0.77 77 
Rabbit 0.84 1.05 1.64 76 
0.86 1.05 1.68 
} 


blood plasma or serum by multiplying the values by a factor of 1.3. It | 
has been used in our studies on the rate of clearance of injected citric acid 
from the circulation. 
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Concentration of Trichloroacetic Acid The low recoveries With serum 
seem to be related to the binding of trichloroacetic acid by the precipitated 


proteins, since the absor] 
of trichloroacetic acid (Fig. 1). 
rec 
to the precipitation of the proteins (Fig. 


stion of the blank is affected by the concentra ion 
This is suggested further by the improved 
overies obtained when the serum is diluted with Ringer’s solution prior 


As the dilution of the serum 


was increased, the recovery improved, and samples containing from 0 to 60 


per cent serum in Ringer’s solution yielded nearly 100 per cent recovery. 


The same results were obtained with 5 and 10 per cent trichloroacetic acid. 


700-~- , 
590} 
i 
H 
AT 
40 50 
OR CAL. 


Fic. 4. Absorption at 420 mp 0! 
trichloroacetic acid. The colorine 
taining no trichloroacetic seid. 
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it may be that the trichioroace 


eolor and that the interference ts due to the par 


part in the formation of the 
tial removal of trichloro- 


acetic acid by precipitation along with the proteins. 

For general application of the method it is important to adhere to the 
following conditions: (a) always Use trichloroacetic acid for the removal 
of proteins; (b) keep the concentration of trichloroacetic acid in the filtrate 


at 5 per cent; and (¢) use exactly 1 mil. 


This amount of filtrate should contain between | 
For example, with rabbit serum, which normally contains 
of citric acid per ml., one should add 1 ml. of 10 per « 


of the fiitrate tor the estimation. 


5 and 400 y of citrie acid. 
from 30 to 100 ¥ 
ent trichloroacetic acid 
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to 1 ml. of serum. 1 ml. of the resulting filtrate (5 per cent trichloroacetic 
acid) then will contain 25 to 50 y of citric acid per ml. 


Determination of Aconitic Acid 


By controlling the temperature the method can be used for the estimation 
of aconitic acid, since the latter compound yields a yellow color with acetic 
anhydride and pyridine at 0°, at which temperature citric acid does not 


III 
Optical Densities of Colors Formed by Tricarborylic Acids at 0° and at 60° 


- 


Tricarboxy lic acid 40 min. at 60° | 60 min. at 0° 
0.469 | 0.006 
0.465 0.006 
trans-Aconitic...... 0.459 0.478 
0.472 0.469 
cis-Aconitic.... 0.435 0.278 
0.426 0.276 
Isocitric...... 0.116 0.006 
/ 
~a 
5 } / 
| 
} 
IAAL | 
j 
| 0 TRANS-ACOMTIC ACID 
A A 4 
TES Af A, Th W PYD DINE 
F'1a.6. Development of the color with citric acid and trans-aconitie acids at 60° : 


react. Tabie Il] ndicates the behavior of several! tr! 

0° and 60°. Only the c7s- and trans-aconitie acids give co! 
minutes at 0°, but heating at 60° for 40 minutes yields the same color 
cis-Aconitie acid yields 
29 per cent. 


intensity with citric and /rans-aconitic acids. 
about 90 per cent of the color intensity and isocitric acid only 
Fig. 6 illustrates the development of the color with equivalent amounts of 

citric and frans-aconitic acids at 60°. It will be observed that the curves — , 
intersect (at 40 minutes), thus making possible the simultaneous estimation | 


of these two compoiin us. 
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Method 


The samples are prepared in the same way as for the determination of 
citric acid. 1 ml. of the sample, in 5 per cent trichloroacetic acid, is heated 
for 10 minutes in a stoppered colorimeter tube with 8 ml. of acetic anhy- 
dride at 60°, and the resulting solution is cooled in ice for 5 minutes. 1 ml. 
of cold pyridine then is added, the contents are mixed by shaking gently, 
and the tube is restoppered and replaced into the ice bath. After 60 
minutes the tubes are wiped dry and read immediately in the colorimeter 
against an appropriate blank. 


We wish to acknowledge the assistance of Miss Ann Puxley in verifying 
certain data presented in this paper. 

A sample of the dimethyl ester of isocitric acid lactone was obtained 
through the courtesy of the late Dr. G. W. Pucher. 


SUMMARY 


A rapid method is described for the determination of small amounts of 
citric acid, based on the formation of a yellow color in the presence of tri- 
chloroacetic acid, acetic anhydride, and pyridine. By regulating the tem- 
perature this procedure can be used for determining aconitic acid, since 
only the unsaturated tricarboxylie acid yields the color at 0°. 
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PURIFIED LIVER EXTRACT; CHEMICAL NATURE AS DETER- 
MINED BY PAPER PARTITION CHROMATOGRAPHY 


By GARSON H. TISHKOFF, ALEJANDRO ZAFFARONI, anp HENRY TESLUK 


(From the Departments of Pathology and Biochemistry, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York) 


(Received for publication, March 16, 1948) 


The biologically active constituents of liver extracts have been the 
subject of a considerable number of investigations aimed at elucidating the 
nature of the unidentified hematopoietic factor or factors. SubbaRow 
et al. (1) have reviewed in detail the studies concerned with the classical 
antipernicious anemia principle present in so called “purified” liver extracts. 

This report presents the results of an investigation of purified liver ex- 
tract containing a high concentration of the antipernicious anemia factor 
by the relatively new technique of two dimensional paper partition chro- 
matography.’” The results indicate the presence of one or more poly- 
peptides of high molecular weight, and this material has been separated 
from the free amino acids of the extract by filter paper partition technique. 
The free amino acids in the extract were identified as well as those liberated 
from the polypeptide material by hydrolysis. No appreciable quantities 
of free folic acid or xanthopterin could be detected. 

The application of the paper partition method to peptide material has 
been demonstrated by several investigators. Thus Consden, Gordon, 
Martin, and Synge (2) have studied the partial hydrolysis products of 
gramicidin S, and Dent (3) has examined the peptides and amino acids 
which oecur in biological material such as blood and urine. Dent, Stepka, 
and Steward (4) have extended the method to the peptides and amino 
acids of potato plant extracts, and Mider* has conducted similar studies 
on animal tissue extracts. Goldberg, Gilda, and Tishkoff (5) have em- 
ployed the paper technique in the analysis of salivary nitrogenous con- 
stituents. 


Methods 


The analytical method employed in this work was essentially that of 
Consden, Gordon, and Martin (6) as modified by Dent (3). The two 


1 We are grateful to Eli Lilly and Company for a supply of purified liver extract 
(15 U.S. P. units) and to Dr. J. M. Smith, Jr., of the American Cyanamid Company 
for a gift of xanthopterin and 2-amino-4-hydroxypteridine-6-carboxylic acid. 

*We wish to acknowledge the many suggestions and technical supervision of 
Dr. C. E. Dent of the University College Hospital, London. 

*Mider, G. B., unpublished work. 
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solvents consisted of highly purified phenol and of a mixture of colliding 
(2,4,6-trimethylpyridine) and lutidine (2,4-dimethylpyridine). The ip. 
dividual amino acids were identified by their relative positions on the 
paper square and identity was confirmed by comparison with a reference 
chromatogram.* The relative positions were found to be more reliable thay 
the absolute Ry values. An value isa fraction equivalent to the distance 
a substance has been moved by the solvent divided by the distance of the 
leading edge of the solvent. An estimation of the amino acid concentra. 
tions was made by assigning to the spots numbers ranging from 1 to 16 
according to an arbitrary scale of values of intensity. A value of 1 was 
given to the spot in which the color was Just perceptible (about | y of amino 
acid) and a value of 10 to those showing an intense purple color. Proline 
and hydroxyproline were not rated, since they give a yellow color with 
ninhydrin. By comparison of the color intensity as well as the spot size 
with hydrolysates of pure proteins, an approximate estimate could be made 
(+30 per cent). All hydrolyses were carried out in sealed tubes at 100° 
with either 6 N HClor7N NH,OH. The excess acid or alkali was removed 
by repeated evaporations zn vacuo, and the residue was then redissolved in 
sufficient water to give the original volume. 


EXPERIMENTAL 


Fig. 1 shows a diagram of a chromatogram made with 10 microliters of 
the commercial extract without previous hydrolysis. The presence of a 
considerable quantity of free amino acids was definitely established. No 
unidentifiable spot was observed. Leucine (not distinguishable from 
isoleucine and norleucine), phenylalanine, valine, and tyrosine were the 
principal free amino acids found. Other amino acids were barely detectable 
or entirely absent. It was observed, however, that the absolute Ry values 
for the amino acids in phenol were appreciably less than the reported values, 
although the values in collidine-lutidine were normal. This anomaly was 
attributed to the presence of a high molecular weight compound in the 
extract and will be discussed in detail below. 

When the paper chromatogram was held in front of a strong ultraviolet 
light source, an intense vellow-green fluorescent spot was observed in a 
location to the right of the phenylalanine spot. This observation was 
always made before development of the chromatogram with ninhydrin. 
In order to establish the identity of this substance, a number of one di- 
mensional chromatograms were made of several fluorescent compounds 
known to be present in liver. Of the compounds studied, riboflavin was 
the only one which had the same FR, values in phenol and collidine-lutidine 


‘We are indebted to Dr. C. E. Dent for an excellent reference diagram, prior to 
publication, of many naturally occurring amino compounds. 
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as the fluorescent compound present in the liver extract. This was con- 
frmed by the addition of riboflavin to a casein hydrolysate as well as to 
the liver extract; in the latter case, only one fluorescent spot was observed. 

Folic acid was also considered as a possible constituent of the extract. 
Although pure folic acid itself fails to show any appreciable fluorescence, it 
does give a well defined yellow colored spot owing to its intrinsic color. 
Moreover when folic acid is subjected to alkaline hydrolysis, a character- 
istic fluorescent spot appears on the chromatogram with an Ry value in 


COLLIDINE - LUTIDINE 
COLLIDINE -LUTIDINE + — A 
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Fic. 1. Diagrams of paper chromatograms made with liver extract. Left, 10 
microliters of liver extract; right, 5 microliters of hydrolyzed liver extract. The 
sample was placed at the upper left corner. The dotted lines indicate weak spots. 
The numbers represent relative color strength. Cystine (or cysteine) appears after 
conversion to eysteic acid by hydrogen peroxide. A phenylalanine, Bb tyrosine, 
C leucine, D valine, 2 methionine sulfone, / cysteic acid, G proline, H histidine, 
IT hydroxyproline, J alanine, A threonine, L serine, M arginine, N lysine, O glycine, 
P glutamic acid, Q aspartic acid, R/B riboflavin, 


phenol of 0.43 and in collidine-lutidine of 0.24. This fluorescent compound 
has the same FR, values as a pure sample of 2-amino-4-hydroxypteridine-6- 
carboxylic acid.!. Since no such spot was observed with liver extract 
hydrolyzed by alkali, we have concluded that folic acid (or its conjugate) 
was not present in the original extract in any appreciable amounts. These 
results agree with those of several other investigators who also could not 
detect folic acid in liver extract (7, 8). 

It was found that zanthopterin yields a characteristic fluorescent spot on 
the chromatogram with an Rp value in phenol of 0.67 and in collidine- . 
lutidine of 0.34. Since no such spot was obtained from the unhydrolyzed 
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liver extract, we have also concluded that xanthopterin is not present in 
the original extract. 

When liver extract is subjected to acid hydrolysis, a large increase was 
observed in the intensities of the spots on the ninhydrin-developed chro- 
matogram owing to the amino acids mentioned above (with the exception 
of tyrosine), and, in addition, spots appeared, owing to large relative quan- 
tities of glycine, glutamic acid, aspartic acid, serine, threonine, alanine, 
arginine, lysine, proline, and hydroxyproline. Methionine and cysteine 
were likewise shown to be present by converting them respectively to 
methionine sulfone and evysteic acid by treatment of the hydrolysate with 
30 per cent hydrogen peroxide. Tryptophan is completely destroyed by 
acid hydrolvsis and hence is not observed on the chromatogram of the 
acid hydrolysate. However, after alkaline hydrolysis a tryptophan spot 
was observed. A chromatogram made with 5 microliters of the undiluted 
acid-hydrolyzed extract is shown in Fig. |. All amino acids had normal 
R, values in both solvents. Since a large number of amino acids appeared 
after hydrolysis, one or more substances of polypeptide nature must have 
been present in the original extract. The presence of at least one com- 
pound (presumably polypeptide) of reasonably high molecular weight is 
also indicated by the observed retardation of the free amino acids in the 
phenol direction when a chromatogram was made with the unhydrolyzed 
extract, as previously mentioned. The retardation of amino acids by high 
molecular weight constituents such ss proteins and large polypeplides has 
been commonly observed by Dent in this laboratory as well as during 
our own studies. It may be pomted out that after hydrolysis of the extract 
no retardation effects were observed. This retardation occurs only in the 
first solvent used, since the amino acids, once freed of the interfering sub- 
stance by use of the first solvent, will move normally in the second solvent. 
The peptides which are present do not give a positive ninhydrin test, since 
they do not appear on the developed chromatogram; hence, only a small 
proportion of free amino groups can be present in the molecules. Never- 
theless, lysine, which is a diamino acid, appeared in the chromatogram after 


hydrolvsis. 
Fractionation of Liver Extract 


Our attention became directed toward the possibility of isolating such a 
polypeptide substance. For this purpose, a fractionation of the un- 
hydrolyzed liver extract was accomplished by paper chromatography by 
the method of Dent (3). Twenty samples of 10 microliters each of extract 
were placed near one edge of the paper square. After running the paper 
in the collidine-lutidine mixture, a strip was cut from the lateral edge and 
developed with ninhydrin as a single one dimensional chromatogram. 
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With this strip as a reference guide, the remainder of the sheet was divided 
arbitrarily into eight strips parallel to the edge on which the samples were 
originally placed. ‘Thus every strip contained nineteen samples and had 
an approximate , range of 0.1. The strips were then placed in a water 
trough and the individual fractions were washed off, evaporated to dryness, 
hydrolyzed, and diluted to 190 microliters. A two dimensional chromato- 
gram of each of the hydrolysates of the fractions was then made. Since 
identity of the free amino acids present in the fraction of each R, range 
before hydrolysis was known, a good approximation of the amino acid com- 
position of the peptide substance present in the fraction of the same Re 
range could be obtained. 

Of the fractions studied, only Fractions 5 through 7 showed any appre- 
ciable amino acids liberated on hydrolysis. It follows that the peptide 


TABLE I 
Relative Concentration of Amino Acids Present in Fraction 6 


Rp value 0.25 to 0.35. 


High Medium Low 
Leucine (10) Arginine (4) Histidine (1) 
Glycine (10) Lysine (4) Cysteine (2) 
Alanine (10) Glutamic (6) Methionine (2) 
Aspartic (10) Serine (6) 

Valine (S) Phenylalanine (3) 
Proline Threonine (3) 


[fydroxyproline 


The numbers icllowing the amino acid indicate the relative amount of the amino 
acid in the peptide. 


substance possessed an absolute Ry range in the collidine-lutidine mixture 
of 0.25 to 0.60. Since every fraction showed the same relative amounts of 
amino acids liberated as closely as could be estimated, it is probable that — 
only a single polypeptide was present, although further studies are needed 
to verify this. ‘Table | summarizes the amino acids liberated in Fraction 5, 
which was considered to be the fraction least contaminated with free 
amino acids and probably most indicative of the polypeptide composition. 


DISCUSSION 


Previous attempts to identify the antipernicious anemia principle have 
associated the activity of extracts with a high molecular weight polypeptide 
(1). Furthermore the free amino acids and riboflavin which oceur in the 
extract are known to be inactive. It is also of interest that of the amino 
acids given in Table 1 many are found among the principal amino acids 
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reported in the best preparation of the active principle by Dakin and 
West (1). In particular, glycine, leucine, aspartic acid, proline, hydroxy. 
proline, and arginine were noted. It is highly probable that we have 
been concerned with one and the same peptide. The possible similarity 
between this peptide substance and the polypeptide growth factor in liver 
described by Woolley (strepogenin) remains to be ascertained. 


SUMMARY 


Studies by paper chromatography of a highly active commercial prepa- 
ation of the antipernicious anemia factor have shown (1) the presence of a 
material (or materials) of peptide nature, (2) the presence of some free 
amino acids, and (3) the presence of riboflavin. Fole acid and xanthop- 
terin were not found in the extract. By use of the paper chromatography 
technique, the mzterial (or materials) of peptide nature, which presumably 
is the active constituent, was separated from the free amino acids, and 
the amino acids obtained by hydrolysis of the peptide material were then 
identified by the paper chromatography technique. 
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THIOURACIL AND THE CONVERSION OF CAROTENE TO 
VITAMIN A IN THE RAT* 


By BARBARA KELLEY ann HARRY G. DAY 


(From the Department of Chemistry, Indiana University, Bloomington) 
(Received for publication, June 7, 1948) 


Several observations have indicated that the conversion of carotene to 
vitamin Ais impaired by a hypothyroid state (1). However, the results of 
recent studies on the problem are not in agreement (2-6). Determinations of 
vitamin A in the tissues have been made in only two of the investigations 
(5,6). According to Wiese ei al. (5), thiouracil does not affect the conver- 
sion of carotene to vitamin A as indicated by the level of vitamin A in the liver 
following the administration of carotene to thiouracil-fed rats on a vitamin 
A-low diet. Johnson and Raumann (6) found that less vitamin A is 
formed from carotene when the thyroid activity is impaired with thiouracil 
in the drinking water or with thiourea in the food. 

We were investigating this problem when the recent papers appeared. 
Because our results seemed to confirm the findings of Johnson and Baumann 
(6), that aspect of the study was discontinued. However, the summarized 
findings are reported here owing to the importance of the problem and the 
lack of agreement in the literature. 


EXPERIMENTAL 


Young rats were given a vitamin A-deficient diet composed of vitamin 
A-free casein 18, glucose 58, salts 4 (7), brewers’ yeast 8, irradiated yeast 2, 
and hydrogenated cottonseed oil (Crisco) 10. After 25 to 30 days the 
diet was altered to contain 0.5 per cent of 2-thiouracil. The animals were 
continued on this regimen until growth was impaired and a small percentage 
had xerophthalmia. At this time they were divided as equally as possible 
according to litter, weight, sex, and incidence of xerophthalmia. One group 
n each series remained on the diet containing thiouracil. The other group 
in each series Was given the same diet except that the thiouracil was re- 
placed by 0.6 per cent thyroid “‘globulin,’”' a thyroid concentrate containing 
0.79 per cent iodine. It was determined by preliminary experiments that 
the thyroid preparation was capable of slightly decreasing the growth rate 
of rats when fed at a level of 0.6 percent. Also, the thiouracil was sufficient 

* Aided by a grant from Standard Brands Incorporated, and by the Research 


Funds of the Graduate School of Indiana University. 
! Furnished by The Maltine Company, through the courtesy of Dr. R. L. Kroc. 
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to produce hyperplasia of the thyroid. Subsequently both groups in each 
series were given §8-carotene (90 per cent 8- and 10 per cent a-carotene) 
in wheat germ oil,? as a single dose in two series and in divided doses in 
two other series. 12 hours after the last dose of carotene the animals were 
sacrificed. The livers and, in one series, the kidneys were analyzed for 
vitamin A. 

The tissue samples were homogenized with a Waring blendor with ap- 
proximately 5 ml. of water per gm. of tissue. The subsequent saponifica- 
tion of the tissues is facilitated by this treatment. The homogenates 
were saponified at 50° with an equal volume of 15 per cent aleoholic potas- 


TABLE | 
Effect of Feeding Thiouractl and Thyroid “Globulin” on Content of Vitamin A in 
Liver of Vitamin A-Depleted Rats following Supplementation with B-Carotene 


Days of Dave of} Total Vitamin A 
Series | “of | thio. |thyroid | carotene 
| feeding feeding _ fed supple- 
ments Total P P 
Y hrs. Y y per gm 
I 5 33 0 2,000 12 107 + 6.9* 14.0 + 1.9* 
3} 25 S 2,000 12 170 + 17.6 0.045 21.3 + 3.6 | 0.06 
| &{| 40 0 |3,000 12 249 + 10.6 71.4 + 4.7 

5 31 9 3,000 12 360 + 24.9 <O0.01 93.0 + 5.8 0.04 
1d 7 29 {) 350 S4 7o + 4.4 14.0 + 1.5 

ri 23 6 300 85+ 7.3 0.30 16.1 + 1.7 0.40 
1\ 3 $0 0 10,000 972 165 + 12.5 30.8 + 2.8 

3 Q 40 10,000 972 1655 + 20.6 >0.5 20.9 + 5.1 0.32 


* The standard error of the mean. FP was calculated by the method of Snedecor 
(9). 


sium hydroxide. ‘The saponified mixtures were extracted with five 50 ml. 
portions of freshly distilled diethyl ether. The extracts were washed with 
water and dried over anhydrous potassium carbonate. The water-free 
samples were then evaporated to dryness and the residues taken up in 
ehloroform. Vitamin A was determined on the chloroform solutions by 
the colorimetric method of Sobel and Werbin (8). 

The principal results are summarized in Table |.) In animals given a 
single dose of carotene (Series I and IT) the total amount of vitamin A in 
the liver, as well as the concentration, was definitely lower in those given 
the thiouracil without the thyroid preparation. In Series I, given 2000 
y of carotene, the probability was only 0.045 that chance factors could 


? Furnished by the VioBin Corporation, through the courtesy of Mr. Ezra Levin. 
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account for the difference in total vitamin A. Thus the difference must be 
regarded as significant. Series I, given 3000 y of carotene, showed an even 
greater difference between rats continued on the thiouracil and those 
changed to the thyroid substance 9 days before administering the carotene. 
In this case, as would be expected, the concentration of the vitamin, as 
well as the total amount, was higher than in Series I. With regard to 
the total amount of vitamin .\, the probability was less than 0.01 that the 
difference was fortuitous. ‘There was a probability of only 0.040 that 
chance accounted for the difference in concentration. The livers of the 
thiouracil-fed rats had 71.4 + 4.7 y of vitamin A per gm. and those given 
the thyroid substance had 93.0 + 5.8 y per gm. 

Such large differences were not found in the livers of rats given only 350 
+ of carotene over a period of 3 days (Series III). The livers of those re- 
ceiving thiouracil had 14.0 + 1.5 y per gm., whereas those fed the thyroid 
substance had 16.1 + 1.7 y per gm. Although this indicates that the 
former animals were able to utilize less of the carotene, the difference ma 
not be significant, as shown by a probability value of 0.40. In addition, 
Series [V, given 10,000 y of carotene per rat over a period of 40 days, ap- 
peared to show as much vitamin A in the livers of those given thiouracil as 
in those fed the thyroid substance. In this series the carotene supple- 
ments were started at the same time the thiouracil and thyroid preparation 
were added to the diet. 

The kidneys of the rats of Series IIT were analyzed for vitamin A. Al- 
though the results are not recorded in Table I, it suffices to state that the 
thiouracil-fed animals had 4.2 + 0.8 y per gm. as compared with 6.1 + 
1.7 y per gm. for those given the thyroid concentrate. This apparent dif- 
ference, although not statistically significant (P = 0.36), is of the same 
magnitude as that found in the liver vitamin A of these animals. 


DISCUSSION 


Because the experimental procedures used in this investigation differed 
considerably from those of Johnson and Baumann (6), it is particularly sig- 
nificant that the results from the two studies are in substantial agreement. 
Thus, in spite of contrary evidence based on the results from eight rats 
given thiouracil and six rats which served as controls (5), the conclusion 
seems to be warranted that the thyroid does affect the conversion of caro- 
tene to vitamin A. 

Since thiouracil feeding has been found to retard the rate of depletion of 
the hepatic stores of vitamin A (10), it is necessary to recognize that the 
amount of vitamin A found in the tissues may be the resultant of two op- 
posite effects of the thiouracil: (a) the impairment. of carotene conversion to 
vitamin \ and (b) the retention of vitamin A in the liver once it is deposited 
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there. On this basis the thiouracil-fed animals analyzed a short time after 
receiving a carotene supplement would be expected to have less vitamin A 
in the tissues than controls given a thyroid preparation. On the other 
hand, animals given thiouracil for many days after beginning the carotene 
supplements might be expected to retain more of the vitamin A formed from 
the carotene. The amount might be great enough to equal or possibly to 
exceed the difference due to the impairment in the conversion of carotene 
to vitamin A. ‘This interpretation appears to be in agreement with the 
data presented here. 


SUMMARY 


2-Thiouracil impairs the conversion of carotene to vitamin A, as indi- 
cated by the content of vitamin A in the livers of vitamin A-deficient rats 
given 8-carotene. 
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a-AMINO-8 ,6-DIMETHYL-y-HYDROXYBUTYRIC ACID; A 
PRECURSOR OF PANTOIC ACID* 


By W. W. ACKERMANN and WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin) 


(Received for publication, March 22, 1948) 

[vanovics (1, 2) demonstrated that the toxicity of salicylic acid for 
Escherichia coli was concerned with pantothenic acid, probably in the pro- 
duction of pantoic acid or its conversion to pantothenic acid. Protein 
hvdrolysates or mixtures of amino acids were effective in preventing the 
toxicity of the inhibitor. Under proper conditions, valine was found to 
exert a pronounced effect; however, other amino acids were also effective 
in preventing the toxicity. hKubhn and Wieland (3) reported the synthesis 
of pantoie acid from the keto acid corresponding to valine and suggested 


that the biosynthesis may proceed by a similar mechanism through a-keto- 


3, 8-dimethyl-y-hydroxybutyrie acid which was reduced by yeast to pantoie 


In the present investigation, 
butyric acid, for which we suggest the name pantonine in order to stress its 
relationship to pantoie acid, was synthesized and found to be just as effee- 
tive as pantoic acid in preventing the toxic action of salicylic acid for 
Escherichia coli. TWowever, it was inactive in replacing pantoic acid in 
promoting the growth of Acetobacter suboxrydans, ited requires panto- 
thenic acid or pantoie acid for growth. These and related experiments 

described Indicate the possibility that @-amino-3,3-dimethyl-y- 
hvdroxybutyric acid may be a precursor of pantoie acid. 


EXPERIMENTAL 


-hy iro cybutyric Acid (pL-Pantonine)— 
«,a-Dimethyl-3-hydroxypropionaldehyde (10 gm.), prepared from  iso- 
butyraldehyde and 0p per en formaldehyde solution (4), was dissolved in 
15 ee. of a cold saturated solution of ammonia in methanol. After 30 
minutes, 6.5 gm. of sodium eyanide and 8 gm. of ammonium chloride in 
36 ce. of water were added to the methanol solution. ‘The reaction mixture 
was allowed to stand 18 hours at room temperature. The mixture was then 
| extracted with four successive 50 cc. portions of ether. The ether extracts 
were combined, evaporated to 100 cc., and extracted with dilute hydro- 
* From part of a thesis submitted by W. W. Ackermann to The University of Texas 

in partial fulfilment of the requirements of the degree of Doctor of Philosophy. 
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chloric acid. The acid extract was ref’ xed several hours and evaporated 
to dryness in vacuo. The residue was twice treated with acetone and 
filtered. The combined filtrates were evaporated to dryness under reduced 
pressure, and chloride ion was removed by the successive use of lead 
oxide and silver carbonate in aqueous suspension. The filtrate was treated 
with bydrogen sulfide, filtered, and evaporated to dryness to obtain 1 gm. 
of the free acid, melting at 244° after recrystallization from aqueous alcohol. 


Analysis—C,.H,30;N. Caleulated, N 9.52; found, N 9.54 


Testing Methods--\he method of testing with /scherichia coli has been 
previously described (5). The medium was modified by the omission of 
casein digested with trypsin, and the organism was carried on the salts- 
glucose medium without the aspartic acid supplement. 

‘The medium used in tests with Acetobacter suborydans has been described 
by Sarett and Cheldelin (6) as a medium for pantoic acid assay. 


Results 


The relative effect of pL-a-amino-8 ,8-dimethyl-y-hydroxybutyric acid 
and puL-valine in preventing the toxicity of salievlic acid is shown in Table 
I. Inthe presence of 500 y per 10 cc. of DL-valine, snproximately 10 times 
as much salievlic acid is required for « au LON Of growth as in 
its absence. ‘The effect of DL-e-amino-8 ,8-dimethvl-y-hydroxybutvric 
acid at the same concentration as valine was even more pronounced, in 
that the salicylic acid concentration had to be increased approximately 


100-fold in order to inhibit growth completely. 
As indicated in Table Il, the re! 


ative activities of DL-a-amino-6 
dimethy!l-y-hydroxybutyric acid and pui-pantoic acid in preventing the 
toxicity of 2 mg. of salicylic acid for Escherichia coli are approximately the 


same. In separate experiments, a-amino-8 ,8-dimethyvl-y-hvdroxvbutvrie 
acid and pantoic acid at various concentrations were found to be pract wally 


identical in their ability to prevent the toxic action of increasing concen- 
trations of salicylic acid. Of the known naturally occurring amino acids, 
leucine, isoleucine, and valine were the most effective in preventing the 
toxicity of salicylic acid; however, these amino acids, singly or as a mixture, 
did not prevent the toxicity of relatively high concentrations of salicylic 
acid which were prevented by pantoie acid or a-amino-3 ,@-dimethvl-y- 
hydroxybutyric acid. 

DL-a-Amino-8 ,8-dimethyl-y-hydroxybutyric acid was found to be inac- 
tive in replacing the growth-promoting properties of pantoic acid or panto- 
thenic acid for Acetobacter suborydans. At concentrations up to 100 ¥ 
per 10 cc. of DL-a-amino- ,8-dimethyl-y-hydroxvbutyrie acid, there was no 
response above the blank readings (7.0) obtained when the organism was 
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incubated for 3 days at 30° in the absence of pantothenic acid or pantoic ae 
acid. By contrast, a galvanometer reading of 78.0 was obtained when oe 
0.5 y of DL-pantoic acid per 10 cc. was present. oe 
TABLE I 
Relative Effect of a-Amino-8,8-dimethyl-y-hydrorybutyric Acid and Valine on Tozictty 
of Salicylic Acid > 
Test organism, Escherichia coli, incubated 16 hours at 37°. _ 
Galvanometer readings* 
Salicylic acid Reversing agent, 500 y per 10 ce. ¥ 
‘DL-a-Amino-8,8-dimethyl-y- 
None hydroxybutyric acid pi-Valine 
y per 10 cc 
0 52.8 52.0 52.2 
30 52.3 52.5 52.2 ES 
3.3 49.2 49.0 
300 2.0 48.2 48.5 = 
1 000 45.5 5.0 
3,000 31.0 2.0 
10,000 3.0 
* A measure of culture turbidity; distilled water reads 0,an opaque object 100 : 
TaBLe II 
Relative Effect of Pantoic Acid and a-Amino-8,8-dimethyl-y-hydrorybutyrie Acid on 
Toxicity of Salicylic Acid 
Test organism, Escherichia coli, incubated 16 hours at37 
Galvanometer readings 
y per 
2.0 0 
j 3 ‘ 0 5 
10.5 
200 IS.8 
400 306 
SOO 44.0 0 
1000 16.8 
*In the presence of 2 mg. of salicylic acid per 10 ec. 
Conversion of a-Amino-8 ,8-dimethyl-y-hydroxybutyric Acid to Pantotc 
Acid—In separate experiments, DL-a-amino-§ ,6-dimethyl-y-hydroxybuty- 


ric acid was treated with nitrous acid at pH 4. 


The excess nitrous acid 
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was destroved, and the reaction mixture assayed for pantoic acid with 
Acetobacter suboxydans. ‘he product derived from 0.5 y of the amino acid 
added to 10 ce. of medium was sufficient to give almost maximum response 
by the organism, indicating that a good conversion of the amino acid to 
pantoi¢c acid was obtained. ‘This served as a possible basis for an assay for 
DL-a-amino-8 ,3-dimethy]-y-hydroxyvbutyric acid in natural extracts. How- 
ever, only shght activity was obtained when a number of natural extracts 
were treated in this manner. The possibility that one of the optically ae- 
tive forms of a-amino-8 ,8-dimethyl-y-hvdroxvbutvriec acid on treatment 
with nitrous acid may give rise only to the biologically inactive form of 
pantoic acid requires further investigation before the presence or absence 
of pantonine in natural extracts can be determined by this method.  Fur- 
ther investigation of the possible natural occurrence of this amino acid is 


in progress both with the above method and with paper chromotography. 
DISCUSSION 


Since a-amino-8 acid (pantonine) was 
as effective as pantoic acid in preventing the toxic action of salievlie acid 
for Eesche rich 1a colt, the conversion ot this amino acid tO pantorc ecid appears 
to take place in this organism which synthesizes pantoic acid from glucose 
as a source of carbon. On the other hand, Acefohacter suborydans, which 
cannot synthesize pantoic acid trom any known SOUTCE of carbon. also 
cannot utilize acid in place. of 
pantoic acid. These results suggest the possibility that a@-amino- ,8- 
dimethyl-y-hydroxybutyrie acid may be a normal precursor of pantoic acid. 


SUMMARY 


pL-a-Amino-3 ,6-dimethyl-y hydroxybutyric acid (pantonine) has been 
synthesized and found to be as effective as pL-pantoic acid in preventing 
the toxicity of salicylic acid for Escherichia colt, but was inactive in replae- 
ing the pantoic acid or pantothenic acid requirement of -Acefobacter sub- 
ecydans. ‘Vhese results suggest the possibility that this amino acid may be 
the normal precursor of pantoic acid in the biological synthesis of panto- 


thenie acid. 
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ON THE ABSORPTION OF PHOSPHOLIPIDES* 


By CAMILLO ARTOM ann MARJORIE A. SWANSON 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake 
Forest College, Winston-Salem, North Carolina) 


(Received for publication, March 4, 1948) 


It is generally assumed that phospholipides are hydrolyzed in the gastro- 
intestinal tract and absorbed in the form of their constituent parts. In- 
deed, enzymes capable of splitting phospholipides have been tound in many 
tissues, including intestinal mucosa, pancreas, and pancreatic juice. The 
earlier findings have been reviewed by Belfanti, Contardi, and [reoli (2), 
and additional evidence on this point was reported subsequently (3-5). 
Very recently Le Breton and Pantaléon (6) have conclusively shown that the 
pancreatic juice of the dog liberates both fatty acid radicals from mixtures 
of lecithins and cephalins, and that the enzyme responsible for this action is 
probably different from the lipase which hydrolyzes neutral fats. 

On the other hand, several authors have found more or less significant 
increases in the lipide phosphorus of the lymph (Slowtyoff (7), Eckstein 
(8)) or blood (Eichholtz (9)) during the absorption of a large dose of lecithin. 
Since similar changes have been described after feeding neutral fat and since 
a possible role of phospholipides as an intermediary stage in the absorption 
of fatty acids has been postulated, the interpretation of these findings is 
rather uncertain. Ilowever, after prolonged feeding of phospholipides, in- 
creases have been found in the phospholipide content of various tissues 
(Rewald (10), Serijski (11), Heinlein (12)). The increases do not occur 
when the bile is excluded from the intestine, in which condition an impair- 
ment in the absorption of phospholipides can be demonstrated (Heiniein 
(12)). It seems, therefore, that one cannot dismiss the possibility of « di- 
rect absorption of intact phospholipides, a possibility which ts also suggested 
by the ease with which these compounds are emulsified in water.! 

We thought that the use of radioactive phosphorus as a tracer offered « 
good opportunity to investigate this question. Labeled phospholipides 


* Aided by a grant from the John and Mary R. Markle Foundation. The radio- 
active phosphorus used in the experiments was supplied by the Clinton Laboratories, 
Oak Ridge, Tennessee, on allocation from the United States Atomic Energy Commis- 
sion. A preliminary report was presented before the annual meeting of the American 
Society of Biological Chemists, Atlantie City, March, 1948 (1). 

!'The problem may have also a certain practical interest, since, as pointed out by 
Bloor (13), phospholipides constitute about 3 per cent of hen’s eggs and the use of 
phospholipides from soy beans and other sources for the preparation of commercial 


food products is markedly increasing. 
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were fed to rats and a study was made of the distribution of the isotope be. 
tween the lipides and other phosphorus-containing fractions in the plasma 
and liver. The liver was included because it is believed that the svnthesis 
of plasma phospholipide occurs mainly in the liver (14-16), and also because 
it has heen shown that, when isotopic phospholipides in the form of fine 
emulsions (17, 15) or contained in the plasma of a donor (18-20) are intro- 
duced in the circulation, a large proportion is taken up by the liver. In the 
present investigation the results of the experiments in which labeled lipides 
were administered have been c: mpered with those of control experiments in 


which the isotope was fed as inorganic phosphate or as glycerophosphate 


EXPERIMENTAL 


Preparation of Materials Fed ~Vhe labeled phospholipides were obtained 
from the livers of animals (one rabbit or several rats) injected with large 
doses of P® as Na oHTPO;. After S hours they were killed, the livers ex- 
tracted with hot alcohol, the solvent removed under reduced pressure, and 
the residue taken up in chloroform. The chloroform solution was filtered 
through asbestos and concentrated to a small volume. The phospholipides 
were then precipitated with acetone and MeCl., and the precipitation was 
repeated twice. The precipitated phospholipides were further purified by 
a technique essentially similar to that described by MacLean (21), as 
adapted to animal tissues by Le Breton (22) The emulsions fed to the 
rats were prepared by pouring the ether solution of the purified phospho- 
lipides over a very dilute aqueous solution of sodium = glycocholate and 
evaporating the ether with a stream of air. Three lots of such emulsions 
(designated emulsions L-1, L-2, and L-3) were employed in the various 
experiments. They had the following characteristics: Emulsion L-1 (rab- 
bit liver), 13] Ing. of phospholipides per cc., 105 counts per mg. of phosphor- 
us: Emulsion L-2 (rat liver), mg. of phospholipides per Ccc., SSOO) counts 
per ing. of phosphorus; F:mulsion L-3 (rat liver), 5S mg. of phospholipides 
per c¢e., 35,600 counts per mg. of phosphorus.® 

In one control experiment (No. Ile), a portion of the s:ume lot of labeled 
phospholipides from which Emulsion L-1 was prepared was hydrolyzed 
by boiling for | hour with aleohohe BafOfl Ja. After addition of water and 
acidification with HoSO,, the fatty acids were extracted with ether. From 
the aqueous layer, inorganic phosphate was removed by adding an excess of 


? Even after three precipitations the acetone precipitate from liver lipides may 
still contain as much as 20 per cent of non-phospholipide phosphorus. These ‘‘im- 
purities’’ seem to be effectively eliminated by the technique adopted, since in the 
purified liver phospholipide the molar ratio of phosphorus to fatty acid corresponds 
to the theoretical value in the lecithins and cephalins (Artom (25) ) 

’The number of counts per minute as determined on our scale-of-eight impulse 


counter under the standard conditions of our measurements. 


| b 

p 

d 

I 


C. ARTOM AND M. A. SWANSON 873 


barium acetate and bringing to pH 8. The barium glycerophosphate was 
precipitated by 3 volumes of ethanol in the cold. This precipitate was re- 
dissolved in water, any insoluble material being rejected, and the barium 
removed by cautious addition of H,SOQ,4. The solution of labeled glycero- 
phosphate was neutralized with NaOH and sodium giycocholate was 
added. ‘The fatty acids which had been extracted from the hydrolyzed 
phospholipides were then emulsified with the solution of glycerophosphate 
and glycocholate as described above. This emulsion (LH-1) contained 2 
mg. of phosphorus per ce. and gave 403 counts per mg. of phosphorus. Less 
than 20 per cent of the phosphorus was soluble in chloroform. 

In the other control experiments, non-isotopic phospholipides were emul- 
sified in aqueous solutions of sodium glycocholate and NasglIPO, containing 
p®, Two lots of these emulsions (C-2 and C-3) were prepared, having ap- 
proximately the same phospholipide content and the same radioactivity as 
Emulsions L-2 and L-3, respectively. Because of the high specifie activity 
of the phosphate in Emulsions C-2 and C-3, each animal received no more 
than 0.02 mg. of phosphorus as inorganic phosphate. 

Absorplion Lxperiments-—W hite rats maintained on a stock diet (Rock- 
land Farms) were fasted for 16 hours and then given by stomach tube 2 to 3 
ec. of the various emulsions. The amounts actually ingested were esti- 
mated from the difference between the radioactivity in the emulsion fed and 
that found in the washings of the svringe and stomach tube. 3 or 6 hours 
after feeding, the rats were bled from the severed neck vessels. In order to 
increase the amount of blood which could be obtained, heparin was in- 
jected 45 minutes before bleeding. ‘The gastrointestinal tract was washed 
with several portions of a dilute NaOH solution, alcohol, and ether, and the 
radioactivity was determined on an aliquot of the combined washings. 
The results were used to evaluate the extent of the absorption. 

Analytical Procedures--In most of our experiments, two or three rats were 
used and the blood plasma pooled. The liver analyses were carried out 
individually, except in Experiments la, Ib, Ie, and I1Vb, in which pooled 
samples were used. The plasma and one liver sample were treated with 
cold 10 per cent trichloroacetic acid, and the precipitate washed twice with 
the same solution. ‘The lipides were extracted from the residue with aleo- 
hol, alcohol-ether, and chloroform (24). Another sample of the liver was 
minced under alcohol and the lipides extracted directly without preliminary 
treatment with trichloroacetic acid.* From the acid extracts of the plasma 

‘In the two samples of the liver the figures for the specific activity were very 
similar. Ilowever, the lipides directly extracted from the liver with aleohol and 
alcohol-ether usually gave higher values for both phosphorus and radioactivity than 
those obtained on the sample which had been first treated with trichloroacetic acid. 
In neither sample was the radioactivity appreciably lowered by subsequent shaking 
with pulverized sodium phosphate. On the other hand, in control experiments in 
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and liver, aliquots were taken and treated as follows: (a) An aliquot wag 
brought to pH 6 with NH,OH, and the phosphate precipitated with strych- 


nine molybdate reagent (25). The precipitate, washed with 1 per cent | 


HNO; and with water, was dissolved in acetone and the solution labeled 
“inorganic phosphate.” (6) Another aliquot was incinerated with H,SO, 
and HNQOs, the digest neutralized, and the phosphate precipitated with the 
strychnine molybdate reagent. The acetone solution of the precipitate wag 
designated ‘‘total acid-soluble P.’’ The difference between the values de- 
termined in fractions (b) and (a) was termed “organic acid-soluble P.” 
(c) A third aliquot was brought to pH 8.2 with Ba(OH):. The precipitate 
was discarded, and 3 volumes of aleohol added to the supernatant solution. 
After 24 hours in the refrigerator, the precipitate was taken up in water, 
any insoluble matter being rejected, and the solution labeled ‘‘glycerophos- 
phate.’’ Since the amounts of plasma available were insufficient, the 
glycerophosphate fraction was not isolated from the plasma extracts. 

In the lipide extracts and in the various fractions of the trichloroacetic 
acid extracts, the radioactivity and the phosphorus content were determined 
as previously described (15). The radioactivity data are expressed as “‘rel- 
ative radioactive units” (r.r.u.), the amount of isotope absorbed by the 
animal being considered equal to 104 r.r.u. The ratio between the radio- 
activity (in r.r.u.) and the phosphorus content (in mg.) is designated “‘spe- 
cific activity.” 


RESULTS AND DISCUSSION 


Data on the experimental conditions, on the weights of the animals and 
livers, and on the absorption of the radioactive materials are recorded in 


which both methods were applied to two samples of the same rat plasma, identi- 
cal values were obtained. It may be pointed out that the weight of the dry mate- 
rials in the liver samples (1.5 to 2.5 gm.) was much higher than in the sample of the 
plasma (200 to 500 mg.). It seems probable, therefore, that the preliminary treat- 
ment by trichloroacetic acid made the extraction of lipides more difficult, and that, 
aftersuch treatment, the extraction was complete only when, as in the analysis on 
the plasina, the volumes of the solvents used were very large compared to the size of 
the sample. 

*Tt is realized that these fractions may contain phosphorus from components 
other than those named. The precipitation of inorganic phosphate was made at 
room temperature at pH 1 or less for 20 to30 minutes. It is probable that a certain 
proportion of easily hydrolyzable phosphate compounds such as creatine phosphate 
or adenosine triphosphate may be split. However, since the amount of these com- 
pounds in the liver is small compared to that of the inorganic phosphate, the admix- 
ture of phosphorus from such a source presumably does not constitute a serious error. 
On the other hand, the significance of the ‘‘glycerophosphate”’ figures 1s more ques- 
tionable, since one-fifth to one-fourth of the phosphorus in the alcohol precipitate 
may be due to Ba hexose monophosphate (Kaplan and Greenberg (26)). 
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8 Table I. When the isotope was given in the form of inorganic phosphate or 
+ | glycerophosphate, the absorption was practically complete in 3 hours. On 
t | the other hand, after feeding radioactive phospholipides, the absorption of 
d |  p# was always lower and varied considerably from animal to anima!, even 
4h in the same experiment. A large proportion had already been absorbed 
€ 
TABLE 
- Absorption of Labeled Phosphorus Compounds in Rats 
| P3? absorbed 
“No. No. | weight | Weight fed pounds Counts 
permin, | 
3 hr. experiments 
| | gm cm, 
5.60 L-3 Phospholipides | 177,400; 7 
| 496 | 133,100 | 57 
6.88.1 Ca Inorganic phosphate | 202,000 97 
19| 146| 5.82 199,400 | 95 
6 hr. experiments 
105 | 4.46 | L-1 | Phospholipides | 3,100 | 49 
[Ib 3: 324 |  &.87 | | 2,000 , 40 
€.86 LH-1 Glycerophosphate | 2,100 95 
| ITfa 6; 101 | 3.38 L-2 Phospholipides | 27,200! 51 
| IIIb 4 145 | 5.93 Inorganic phosphate 25,000 ; 99 
5 124 3.89 | 29,200; 98 
IVa 13 4.44 Phospholipides 159,400 | 74 
4.92 175,300 | 73 
IVb 15 150 | 6.83 C-3 Inorganic phosphate 202,000 , 9S 
16 146 82 199,400 97 
17 137 6.14 202,100 | 96 
after 3 hours and no consistent increase in this proportion in the longer time 
interval is apparent from the limited number of our data.® 
The interpretation of our results is to a large extent dependent upon the 
relations hetween the specific activity values in the various fractions ana- 
) ‘If one attempts to estimate from the absorption of P** the amounts of phos- 


pholipides absorbed by a 125 gm. rat (a procedure which is obviously open to ques- 
tion), the average figures would be 115 mg. absorbed after 3 hours and 148 mg. after 
6 hours. 
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lyzed. Accordingly, only these values are given in Figs. 1 and 2. Th | 
points represent the results of the individual experiments, each value being | 
obtained from at least two animals (either determined individually or jy | 
duplicate on pooled samples). In the control animals which were fed ino. | 


ganic phosphate, at both time intervals, the specific activities of the plasma 
and liver phospholipides are practically identical, and much lower than that 
of all the other fractions. These gradients are in agreement with the cop. 


| FED FED | 
| INORGANIC LIPIDE 
P32 p32 
| 
200) 
| 
> 
| 
> 150 J 
| 
100+ 
G. 
50+ 


Fic. 1. Specific activities of P fractions in plasma and liver of rats 3 hours after 
feeding inorganic P*? or lipide P®. In each group the bars represent the following 
fractions: J, plasma inorganic P; 2, liver inorganic P; 3, liver glycerophosphate P.: 
,, liver lipide P; 5, plasma lipide P. The points represent individual experiments 
(see Table 1); rats fed inorganic P (@, Experiment Ie); lipide P (@, Experiment Ia; 
O, Experiment Ib). 


cept that the phospholipides synthesized in the liver trom the imorganic 
phosphate are rapidly exchanged with those of the plasma (14-16). On 
the other hand, when the isotope was fed as phospholipide, the specific 
activity of the plasma lipides, at both time intervals, was much_ higher 
than that of the controls, and also much higher than that of the liver 
lipides in the same animal. Since it has been shown that the specifie ac- 
tivity of a product cannot be higher than that of its precursor before the 
maximum specific activity of the precursor has been reached (27, 28), 
and since in our experiments the specific activity of the liver lipides in- 
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creases markedly between the 3rd and 6th hours, these facts together 
constitute definite evidence that the liver phospholipides could not have 
been the sole source of the plasma phospholipides. It appears, therefore, 
that a portion of the labeled phospholipides which were fed must have 
been absorbed as an intact molecule.’ 
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Fie. 2. Specitie activities of P fractions in plasma and liver of rats 6 hours afte? 
feeding inorganic P*®, glyecerophosphate P*?, or lipide P®?. In each group the bars 
represent the following fractions: 7, plasma inorganic P; 2, liver inorganic P; 3, liver 
glycerophosphate P; 4, liver pide P; 4, plasma lipide P. The points represent 
individual experiments (see Table 1); rats fed inorganie P® (@, Experiment IIIb; 
O, Experiment IVb); glycerophosphate P%? (@, Experiment Ile); lipide P** (@, 
Experiment Ila; O, Experiment IIb; 0, Experiment Illa; &, Experiment IVa). 

The finding of large amounts of radioactivity in the inorganic phosphate 
as early us the 38rd hour is evidence for a fairly rapid splitting of the fed 
lipides. It seems probable that most of this splitting occurred in the intes- 
tinal tract, where enzymes capable of actively hydrolyzing phospholipides 
have been demonstrated (2-6). However, the possibility that some hy- 


By “intact phospholipide molecule’? we mean all the phosphorus containing 
compounds which are insoluble in trichloroacetie acid but soluble in alcohol-ether 
and chloroform. Possible split-produects which may be included are those from which 
one fatty acid or the nitrogenous component has been removed. 
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drolysis of absorbed phospholipides also occurred in various tissues cannot. 
be excluded (see below, section (f)). | 

The possibility of a direct absorption of glycerophosphate was tested | 
by feeding this substance containing P*. In this experiment the specific | 
activity of the glycerophosphate in the liver was markedly higher than that _ 
of the inorganic P. Similar results were not found in the animals which 
received labeled phospholipides. It seems likely that glycerophosphate 
liberated from the phospholipides in the gastrointestinal tract at a compares. 
tively slow rate may be easily hydrolyzed to inorganic phosphate before 
absorption. However, when large amounts of the free ester are fed at one 
time, a notable proportion may be absorbed even before being split, thus 
becoming an important source of the glycerophosphate in the liver. 

We believe that the results of our experiments under various conditions 
are qualitative evidence that the phosphorus present in the phospholipide 
molecule can be absorbed in more than one form. On the other hand, in 
the present state of our knowledge, it does not seem possible to caleulate 
from our data the reiative importance of each of these processes because of 
the large number of unknown variables. 

Besides this evidence concerning the absorption of phospholipides, sey- 
eral accessory findings which may be of interest can be mentioned. 

(a) In spite of the large differences in the radioactivity of the materials 
fed in the 6 hour experiments, the results are essentially similar. This 
similarity seems to exclude the possibility that the metabolic processes were 
detectably modified in 6 hours by the highest doses of P® absorbed (as high 
as 21 microcuries). Also this similarity is indirect evidence for the reliabil- 
ity of our radioactive measurements even in certain causes (¢.7. plasma lipides 
in Experiments Ifa, IIb, and IIc) in which the actual counts were very low 
and therefore subject to a large statistical error. 

(6) The levels of lipide P in the plasma of our rats varied between 1.6 
and 2.5 mg. per 100 cc. These values are surprisingly low in comparison 
with those found in the p!asma of other animal species. Tfowever, as men- 
tioned before,* we do not think that these low values can be ascribed to an 
incomplete extraction of lipides from the trichloroacetic acid precipitate of 
the plasma. Furthermore, figures of the same order of mugnitude have been 
obtained in this and other (29) laboratories by the direct extraction of rat 
plasma with alcohol and alcohol-ether. 

(c) The specific activity of the plasma inorganic phosphorus was higher 
in the animals fed labeled lipides than in those fed inorganic P*, the differ- 
ences being especially marked in the 6 hour experiments. ‘hese findings 
could be due to a continuing liberation of inorganic P from the lipides either 
in the gastrointestinal tract or in other tissues after absorption (see section 
(f{) below). In individual rats differences were also found between the 
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specific activities of the *norganic phosphate in plasma and liver. Many of 
these differences were well beyond the limits of experimental error and sug- 
gest that the exchange of phosphate between plasma and liver requires a 
definite amount of time. 

(d) Glycerophosphate may be one intermediary compound in the synthe- 
sis or breakdown of phospholipides. In our experiments the specific activ- 
ity of the liver glycerophosphate was considerably higher than that of the 
liver lipides and (vith the exception of the experiment in which labeled 
glyeerophosphate was fed) generally lower than that of the inorganic phos- 
phate. This gradient is not incompatible with a réle of glycerophosphate 
in the synthesis of phospholipides. On the other hand, the data suggest 
that the chief ammedtate source of the phosphorus of the glycerophosphate 
is the inorganic rather than the pide phosphorus. Since it has been shown 
that there is no physical exchange 7n vitro between phosphate and glycero- 
phosphate (30), and since the specific activity of these fractions was often 
rather close to one another, it appears from our results (in agreement with 
those of others (26, 31)) that the /velogzeal turnover of glycerophosphate 
proceeas fairly rapidly. 

(ce) For the sake of brevity, figures for the specific activity of the organic 
acid-soluble P were not included in the drawings. In the liver, these values 
ranged from 40 to 8O per cent of those of the glyeerophosphate isolated from 
the same fraction (and therefore they were considerably higher than the 
specific activity of the liver lipides). It is conceivable that the unknown 
immediate precursor of the phospholipides is included in the organie acid- 
soluble P but, since it may be only a minor component, it seems to us that 
deductions based on the specifie activity of the whole mixture would have 
little significance. 

(f) When the total amount of radioactivity which was recovered in all 
fractions of the plasma and liver is caleulated, marked differences are found 
between the animals fed labeled inorganic P and those fed labeled phospho- 
lipides. 3 hours aiter feeding the marked sodium phosphate, 1051 r-ru. 
were recovered; at the 6th hour, only an average of 605 r.rcu. Sinee the 
inorganic P® is rapidly exchanged with the phosphate of the bones and also 
partially removed from the body by exeretion, the decrease observed at the 
longer time interval is quite consistent with the data showing that practi- 
eally all of the phosphate fed was absorbed in the first 3 hours. On the 
other hand, an average of 582 r.r.u. was found in the liver and plasma of rats 
killed 3 hours after feeding labeled phospholipides, whereas, at the 6th hour, 
1062 r.rva. were found. ‘This increase could lagically be ascribed to a con- 
tinuing supply of isotope from the intestine, but such an interpretation does 
not agree with the finding that the amount of P® absorbed between the 3rd 
and the 6th hours was apparently small. The hypothesis might perhaps be 
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suggested that most of the phospholipides which were absorbed in the early 
period were temporarily distributed among various tissues. From there 
they may be slowly transferred to the liver, as intact molecules or as hydro- 
lytic products, thus accounting for the maintenance of high specific activity 
values in the inorganic and lipide P fractions of the plasma. The marked 
increase in the specific activity of the liver lipides between the 3rd and 6th 
hours (in contrast to the almost unchanged values in the control experi- 
ments) may be accounted for partially by synthesis from the inorganie 
phosphate of increasing specific activity and partially by exchange with 
plasma phospholipides of very high specific activity. 


SUMMARY 


Labeled phospholipides (prepared from the liver of animals injected with 
radioactive phosphate) were fed by stomach tube to rats. After 3 or 6 
hours the radioactivity and the phosphorus eontent were determined in 
rarious fractions of the plasma and liver. The results were compared with 
those obtained on control rats receiving non-labeled phospholipides and 
P® as sodium phosphate (or glycerophosphate). 

From such a comparison, it appears that phospholipides may be absorbed 
at various stages of hydrolysis. While part of the phospholipides 1s split 
in the gastrointestinal tract, so that the phosphate radical is absorbed in 
inorganic form (some possibly as glycerophosphate), there is also definite 
evidence that a detectable portion of the ingested phospholipides ean be 
absorbed as the intact molecule. 
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CRITIQUE OF METHODS FOR THE DETERMINATION OF 
RIBOFLAVIN IN URINE* 


By ELMER De RITTER, MARY E. MOORE, ERICH HIRSCHBERG, anp 
SAUL H. RUBIN 


(From the Nutrition Laboratories, Hoffmann-La Roche, Inc., Nutley, New Jersey) 
(Received for publication, May 29, 1948) 


Both fluorometric and microbiological measurements of urinary ribofla- 
vin excretion have served as a basis for evaluation of nutritional status, 
detection of deficiency states, measurement of physiological availability, 
and determination of daily requirements. Fluorometric assay methods 
have commonly followed three basic procedures; namely, (a) that of Najjar 
(1), based on the extraction of riboflavin into a butanol-pyridine medium; 
(b) the double hydrosulfite reduction method of Hodson and Norris (2); 
and (c) the Florisil method of Ferrebee (3). Most microbiological QSSaYs 
have been based on the Lactobacilliis caset assay of Snell and Strong (4). 

However, the literature shows that considerable disagreement exists in 
regard to the reliability and relative advantages of the commonly used 
methods. For example, in a series of availability tests, Melnick et al. (5) 
report Strong and Carpenter’s (6) modification of the Snell and Strong 
method to be more specific for urmary riboflavin than the method of Najjar 
with the blank correction omitted, but these authors prefer the fluorometric 
method because of the better reproducibility. Keys e/ al. (7) compared the 
microbiological method of Snell and Strong with a modification of the Con- 
ner and Straub (S) Florisil procedure and found the latter considerably 
more satisfactory for urimary riboflavin assay. Recently, Slater and Morell 
(9) have developed a modification of the Najjar procedure and found it to 
show agreement for urine assay with an unpublished microbiological method 
with Laclobacillus casct. Ina comparative study of fluorometric methods, 
Morell and Slater (10) found many methods to be non-specific for urmary 
riboflavin. These included a Florisil method utilizing the adsorption- 
elution technique of Barton-Wright and Booth (11), the direct and indirect 
methods of Najjar (1), and Hodson and Norris (2) procedure, the direct 
method of Ferrebee (3) with an added internal standard, and a method in- 
volving oxidation with cold IKMnQO, and H.O:, followed by a hydrosulfite 
blank. 

* Publication No. 140. 

Presented before the American Institute of Nutrition at the Thirty-second annual 
meeting of the Federation of American Societies for Experimental Biology at Atlantic 
City, March, 1948. 
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DETERMINATION OF RIBOFLAVIN 


In the course of determinations in this laboratory of the physiological 
availability of riboflavin from enriched rice (12) and from soluble deriva- 
tives of riboflavin (13),! according to the technique of Melnick et al. (5), 
comparisons have been made of several fluorometric procedures with modi- 
fications of the Snell and Strong microbiological assay. The fluorometric 
methods included the modified Hodson-Norris procedure which we have 
described for low potency foods (14), several modifications of the Conner 
and Straub Florisil method, and the procedure of Slater and Morell. Ip 
attempts to evaluate the specificity of the various methods, particularly 
with regard to possible compounds of riboflavin, the effect of clarase diges- 
tion on microbiological and Florisil assays and the effect on the former of 
sterilization by aseptie filtration as compared to autoclaving were investi- 
gated. The role of urea as an inhibitor of titrimetric microbiological assays 
was also studied. The urines in these availability determinations contained 
normal or elevated amounts of riboflavin. A recent study in this laboratory 
of the urinary excretion of B vitamins during intravenous feeding (15) and 
a number of urines from children on low riboflavin diets (16) afforded the 
opportunity to extend these comparisons to a very low range of riboflavin 
concentration. 


EXPERIMENTAL 


Assay Methods—Microbiological riboflavin assays were carried out by the 


method of Snell and Strong (4), bused on the growth of Lactobacillus casei; 


for reasons outlined below, turbidimetric measurement of growth after 24 
hours, with an Evelyn photoelectric colorimeter with a 660 my filter, was 
routinely preferred to measurement by titration after 72 hours. 

In fluorometric assays by the direct method of Rubin e/ al. (14), an aliquot 
of acidified urine of about 1 per cent of the 24 hour volume (to the nearest 5 
ml.) was treated with 1.0 ml. of 4 per cent KAInNO,, followed after 2 minutes 
with sufficient 3 per cent H.0, to decolorize or precipitate the excess per- 
manganate. After adjustment of the pH to 6 with sodium acet:te, dilution 
to a concentration of about 0.1 y of riboflavin per ml., and filtration, the 
usual double reduction procedure was followed. 

The Florisil method of Conner and Straub (8) was modified as follows. 
Before fluorometry, 15 mil. aliquots of the pyridine-acetic acid eluates were 
treated with 1 ml. of 4 percent KMnQ, for 1 minute and the excess KMn0O, 
decolorized with just sufficient 3 per cent H.O.; internal standards were 
read after pipetting 0.2 ml. (1.5 y) of the standard riboflavin solution into 
the cuvette containing 15 ml. of the KAInO,-treated eluates. The proce- 
dure of Slater and Morell (9) was carried out as described by these authors. 


1 Rubin, H., Haas, G.J., Drekter, L., De Ritter, and Hirschberg, unpub- 
lished data. 
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Photochemical destruction of riboflavin was avoided by working as much 
as possible in a dark room illuminated by Wratten safelights, series OA, and 
by the use of low actinic glassware elsewhere. 

Effect of Urea on Microbiological Assays—Since the usual microbiological 
procedure involves sterilization of the assay tubes by autoclaving, it was 
suspected that, in the case of urine, hydrolysis of urea to NU, during auto- 
claving might lower the amount of alkali needed to titrate the lactic acid 
formed and thus Jead to erroneously low assay values by the titrimetric 
method. In view of various conflicting reports on the effect of urea re- 
ported in the literature (17-20), it was decided to test this point as follows. 
Urea was added to pure riboflavin solutions in the ratios of 10, 25, and 45 
gm. per mg. of riboflavin to correspond to low, medium, and high levels of 


TABLE I 


ffect of Urea on Microbiological Riboflavin Assays 


j 
Relative response of Lactobacillus casei 
{ 


Urea per mg. of 


riboflavin | Turbidimetric | Titrimetric 
Autoclaved Filtered aseptically Autoclaved Filtered aseptically 
gmt. | 
0 | 1.00 | 1.00 1.00 | 1.00 
10 | 1.01 | 1.04 0.99 1.02 
25 | 1.00 | 1.02 | 0.97 1.02 
45 | 0.99 | 0.99 | 0.92 1.0 


urea excretion. Sterilization by autoclaving was compared with steriliza- 
tion by filtration through glass; growth of Lactobacillus casei was measured 
by titration after 72 hours of incubation as well as turbidimetrically after 
24 hours. ‘Table I shows the results obtained. 

These data indicate that urea does not interfere with turbidimetrie or 
glass-filtered titrimetric assays, but at the higher levels of urea a slight 
lowering of titrimetric values occurs after autoclaving. Although on diets 
of average protein content the excretion of urea is too small to lower the 
titrimetric riboflavin values significantly, the 24 hour turbidimetric meas- 
urement was chosen for routine use because of its speed and convenience as 
well as its complete independence of the effect of urea. In low riboflavin 
urines collected from patients on a regimen of total intravenous feeding of 
protein hydrolysates (cf. Table V), the estimated proportion of urea to 
riboflavin may be as high as 200 gm. of urea per mg. of the vitamin, so-that 
the choice of the turbidimetric method becomes obligatory. For example, 
for a urine containing approximately 150 gm. of urea per mg. of riboflavin, 
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the titrimetric assay was only 0.05 mg. per day as compared to 0.20 mg, hy b 
turbidimetric measurement and 0.24 mg. by the Florisil method. 7’ 

Comparison of Microlrological and Double Reduction Methods—Sinee 
Morell and Slater (10) have reported the original IHlodson and Norris te 


Tas_e II 
Comparative Assays of Basal and Test Urines (Microbiological versus Direct 


0 
Fluorometric) 
Average riboflavin content Mean Test of significance m 
Subject No. of | difference,* ' 
Sudj -- 
samples irect fluoro- Microbiolog- — 100) , limit at § 
metric assay ical assay M ‘ per cent level ™ 
Basal urines vi 
mc. per day mg. per day per cent 
1.51 1.43 5 2.5 2.3 
y 0.52 14 2.5 2.3 
se. 0.89 0.75 2 56 26 
Ss. H. R 1.00 22 5.9 2.4 
B.S. 1.96 1.78 1.4 9 4 
1.29 1.18 12 3.2 
7 0.98 O.S7 2.9 2.4 
5 1.64 10 0.9 2.8 | 
\verage 7 1.28 1.15 17 
Test urines 
E.D. R 6.5 6.3 3 0.8 2.3 
S. G.8 6.5 7 2.4 
‘ i.¥ Lf 2.4 
8. 7 6.2 2.4 
Average...... rf 6.3 
* The mean difference was obtained by calculating the per cent difference for each (1 
urine, then averaging these differences for each subject. tit 
method (2) to measure appreciable amounts of non-riboflavin ffiorescence, fo 
our modification of this method was investigated to determine its specificity bt 
for urinary riboflavin. Comparative assays by the latter procedure and by di 
the microbiological method are given in Table II. These basal and test | ril 
urines were collected during availability studies from normal males on ade- R 


quate but different diets. Consistently higher values were obtained on rik 
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basal urines by the double reduction method, the average differences rang- 

ing from 0.08 to 0.22 mg. per day or from 5 to 44 per cent. In all but two 
, cases, these differences are statistically significant. for the high potency 
| test urines, both methods are in good agreement, none of the differences 


being significant. 

Comparison of Fluorometric and Microbiological Methods—A comparison 
of the Florisil, Slater and Morell, double reduction, and microbiological 
assays of normal urines is given in Table IIT. The Florisil values are mter- 
mediate in all cases between the higher values by the double reduction 
method and the lower values by the Slater and Morell procedure. The 
| microbiological values fall between the Siater and Morell and the Florisil 
values. Although the better agreement of these three methods indicates 


[Il 


Comparison of Fluorometric and Microbiological Urinary Riboflavin Assays 


All values in mg. per 24 hours. 


Fluorometric assay Microbiological 


assay” 
Subject Extraction into 
| "method (Rubia non-arueous Lactobacillus cases 
et al.) medium (Siater (Snell and Strong) 
and Morel!) 

0.84 0.65 0.54 0.56 

Wg 0.68 0.43 0.30 O.34 

3.64 3:22 3.28 

1.32 1.19 1.09 1.19 


*No significant differences were observed after sterilization by autoclaving or 
aseptic filtration. 


greater specificity as compared to the double reduction method, the possi- 
_ bility was considered that the latter procedure, in which the fluorescence 
of the treated urine solution is measured directly, may measure some com- 
bined form of riboflavin which the other methods do not measure. We 
(13) have previously shown that microbiological assays of riboflavin deriva- 
tives are not necessarily as high as fluorometric or biological assays. More- 
over, Rosner, Lerner, and Cannon (21) have demonstrated that combined 
forms of riboflavin are not adsorbed by Florisil as readily as free riboflavin 
but can apparently be converted to free or adsorbable riboflavin by enzyme 
digestion. To test this point, the effect of enzyme digestion on urinary 
| nboflavin was studied microbiologically and by the Florisil technique of 

Rosner ef al. (21). Aliquots of urine containing approximately 50 y of 
nboflavin were adjusted to pH 4.5 and digested with 0.25 em. of clarase for 


‘ 
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3 hours at 45°. Assays before and after enzyme treatment are given ip 
Table IV. In several cases the severe washing of the Florisil, which Rosner 
et al. have shown to remove combined riboflavin, produced slightly lower 
values than the usual washing with 45 ml. of hot water, but the values after 


met 


TaBLe lV 
Effect of Clarase Digestion* on Florisil and Microbiological Assays 


All values in mg. per 24 hours. 


Florisil assay Microbiological assay 


Subject Untreated Clarase-treated 
Untreated Clarase- 
Usual wash | Severe wash’) Usual wash Severe wash treated 
(45 ml.) (150 ml.) (45 ml.) (150 ml.) 

0.53 0.45 0.48 0.61 
1.36 1.29 lies 1.38 1.36 
1.60 1.53 1.68 1.57 1.64 1.75 
0.83 0.82 Q.S] 0.91 0.9] 
L. D. 0.41 0.40 0.44 0.38 0.46 0.48 


* Approximately 50 y of riboflavin + 0.25 gm. of clarase digested 3 hours at 45 


at pH 4.5. 


TABLE V 
Comparative Assays of Low Riboflavin Uvrines 
All values in mg. per 24 hours. 


Fluorometric assay Microbiological assay) 


Double reduction | Florisil method Lactobacillus casei 
method (Rubin ef al.) (Conner and Straub) (Snell and Strong) 

ad. 0.88 | 0.79 0.73 

2 0.60 | 0.45 0.42 

3 0.27 | 0.11 0.12 

} 0.30 0.24 0.20 

5 0.38 0.30 0.27 

l 0.89 | 0.70 0.57 | 

2 0.28 | 0.13 0.10 
3 0.31 | 0.13 0.10 ae: 
4 0.45 | 0.19 0.19 ee 

5 0.26 | 0.13 0.11 | 

enzyme digestion were not significantly higher with either the washing or | P 
microbiological procedure. Hence, there is no evidence of combined ribo | & 
flavin. 
Comparative Assays of Low Riboflavin Urines—Table V shows the re- I 
Q 


sults of comparative assays of urines collected from two subjects who were 
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kept on total intravenous feeding with protein hydrolysate (15). With no 
measurable intake of riboflavin, the excretion of this vitamin rapidly reaches 
a very low level. Again, the double reduction values are higher than the 
Florisil and microbiological assays, which are in relatively good agreement. 


CALCULATION OF MICROBIOLOGICAL ASSAYS OF 
0. URINARY RIBOFLAVIN 
5+ 
STANDARD 
ORMAL, . URINE 
ance 
LNeARITY 
. LOW 
POTENCY 
URINE 
(0.19 mg. /24HR) 
x 


MCG OF RIBOFLAVIN « 10 OR ML. OF URINE SOLUTION 


Fic. 


TABLE VI 
Comparative Assays of Low Riboflavin Urines* 
All values in micrograms per 24 hours. 


Fluorometric assay 


Double reduction Florisil Slater and Morell 
KI 59 33 33 
K2 75 SU 45 43 
Z\ 60 72 44 39 
L2 61 St 53 | 50 


* Supplied through the courtesy of Dr. L. E. Holt, Jr., and Dr. 8. I. Snyderman, 
Department of Pediatrics, New York University College of Medicine, and the Chil- 
dren’s Medical Service of Bellevue Ilospital, New York. 


Evidence of the validity of the microbiological assays, even for these low 
potency urines, is given in Fig. 1, which represents a typical plot of such an 
assay for calculation by the slope-ratio method of Wood (22, 23). The 
fact that both standard and test points follow straight lines in the same re- 
sponse range, which have practically the same intercept on the vertical axis 
of response, indicates that the assays are valid. 
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A similar comparison, including also the Slater and Morell method (9), 
has been made (cf. Table VI) for extremely low riboflavin urines collected 
from children on experimental diets in the course of studies on minimum 
human requirements by Snyderman el al. (16). The method of Slater and 
Morell yielded consistent agreement with mierobiological assays, whereas 
both the Florisil and double reduction values were considerably higher. 


DISCUSSION 


The possibility that urea, inthe amounts present in urine, might lower the 
microbiological assays was investigated because of the conflicting data re- 
ported previously. Feeney and Strong (17) and Strong ef al. (18) experi- 
enced no difficulty in the determination with or without the addition of 
urine from which riboflavin had been removed by photolysis or adsorption 
on Lloyd’s reagent. On the other hand, Fraser e¢ al. (19) stated that the 
urine of some riboflavin-depleted dogs showed the presence of one or more 
substances inhibitory for the growth of Lactobacillus casei. Isbell ct al. (20) 
showed that this inhibition was due to the presence of urea. ‘The present 
studies show a slight lowering of titrimetric values after autoclaving urines 
containing high levels of urea, but the effect 1s somewhat smaller than that 
found by Isbell ef al. (20) at comparable ratios of urea and _ riboflavin. 
Since no effect on turbidimetric assays was found, even at ratios 5 times 
larger than that found when the diet is high in protein, the turbidimetric 
method is preferable in this respect for urinary riboflavin assays. 

Among the fluorometric methods tested, that of Slater and Morell (9) is 
the only one to show agreement with microbiological values at extremely 
low as well as at normal riboflavin levels. Our modification (14) of the 
double reduction procedure gives consistently higher values, but the 
amount of non-riboflavin fluorescence measured is less than that found by 
Morell and Slater (10) with the original Hodson and Norris procedure (2), 
This difference is apparently due to the use of permanganate oxidation and 
of a minimum amount of hydrosulfite for blank determinations in the pres- 
ent modification. Application of the Florisil technique of Rosner ef al. (21) 
before and after clarase digestion failed to show the presence of combined 
riboflavin which could lead to higher values by the double reduction method 
than by Florisil or microbiological assays. 

Values obtained for normal urines by the Florisil procedure show better 
agreement with microbiological assays than that reported by Morell and 
Slater (10), who measured considerable “apparent riboflavin” in the Florisil 
eluates. The use of boiling water to wash the Florisil columns and of per- 
manganate oxidation of eluates in the present method may be responsible 
for elimination of much non-riboflavin fluorescence, although Morell and 
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Slater report the formation of “apparent riboflavin’’ during such oxidation 
of urine itself. Although difficulties with the present lot of Florisil have 
heen encountered in previous assays of a variety of products (14, 24), it is 
apparent that the Florisil and the technique used were reliable for assay of 
normal urines. Possible variations in the performance of different batches 
of Florisil may lead to difficulties in various laboratories similar to those 
encountered in the assay of cereal products (25). For extremely low po- 
tency urines, the values obtained by riboflavin assays by both the Florisil 
and double reduction methods are considerably higher on a percentage 
basis than the values by the microbiological or Slater and Morell method. 
The absolute differences are relatively small, possibly because of the highly 
purified nature of the children’s diet. 

When specificity is of primary importance, the Slater and Morell method, 
which includes a test for specificity by successive, controlled exposures to 
sunlight, is the most reliable of the fluorometric methods tested, particularly 
at very low riboflavin levels. It is more time-consuming than the Florisil 
and double reduction procedures because of the fact that a complete recov- 
ery test isrun with each sample. When complete specificity is not required, 
as in physiological availability tests, the Florisil and double reduction 
methods are suitable The latter has the advantage of avoiding the use 
of pyridine. 


SUMMARY 


Slater and Morell’s modification (9) of Najjar’s fluorometric method (1) 
yields consistently good agreement in urinary riboflavin assays with micro- 
biological assays with Lactobacillus caset and the Snell and Strong (4) me- 
dium, even for urines containing minute amounts of riboflavin. Assays by 
a Florisil adsorption procedure, including permanganate treatment of the 
eluates, are slightly higher. In terms of absolute amounts of riboflavin, 
these differences are small, but at a very low riboflavin level the percentage 
differences are high. Our modification (14) of the Hodson and Norris (2) 
double reduction method yields riboflavin values 0.1 to 0.2 mg. per day 
higher than do the microbiological assays, except at extremely low levels at 
which the smaller differences are probably associated with the purified 
nature of the diet. 

High levels of urea in association with normal urinary riboflavin levels 
cause slight lowering of titrimetric microbiological assays, but do not 
affect turbidimetric measurements. Increases in urea-riboflavin ratios in 
low riboflavin urines increase this error in titrimetric assays. For this 
reason, as well as for speed and convenience, turbidimetrie measurement is 
preferred. 
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KINETICS AND INHIBITION OF CARBOXYPEPTIDASE 
ACTIVITY* 
By ELAINE ELKINS-KAUFMAN ano HANS NEURATH 
(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, May 22, 1948) 


The specific activities of proteolytic enzymes toward synthetic peptide 
substrates have been commonly expressed as proteolytic coefficients, C, 
(2) which denote the first order reaction constant per mg. of enzyme N per 
ec. Independent determinations of the proteolytic coefficient for the 
hydrolysis of carbobenzoxyglycyl-L-phenylalanine (CGP) by carboxypepti- 
dase, in 0.05 M substrate solutions (8-7), have yielded values ranging from 
C=10toC = 13. Reinvestigation of the mechanism of carboxypeptidase 
activity in this laboratory has revealed a large dependence of the apparent 
proteolytic coefficient of carboxypeptidase on the concentration of its 
specific substrate, CGP, the calculated coefficient increasing as substrate 
concentration decreases. Since at each substrate concentration the prote- 
olytic coefficient was independent of enzyme concentration, the observed 
variations of C were ascribed to the substrate concentration dependence of 
the apparent first order reaction constant, k. An explanation of this 
phenomenon has required reconsideration of the kineties of the hydrolysis 
by proteolytic enzymes and has led to the conclusion that simple first order 
reaction kinetics do not apply to the hydrolytic action of carboxypeptidase. 
The data presented in this paper sustain this conclusion and are in full 
accord with the theoretical considerations which are given in an introductory 
section of this paper. 

In the course of these experiments the observation was made that certain 
p-amino acids, notably p-phenylalanine, are powerful inhibitors of carboxy- 
peptidase. Inhibition is of the competitive type, and the kinetic con- 
stants of the system carboxypeptidase-CGP-phenylalanine have been de- 
termined from quantitative rate measurements. 


General Considerations of Enzyme Kinetics 


According to the classical theory of Michaelis and Menten (8) the first 
step in enzymatic reactions is the combination between free enzyme, E£, 


* Part of a thesis to be submitted by Mrs. Elaine Elkins-Kaufman to the Graduate 
School of Duke University, in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 

Presented at the Thirty-ninth annual meeting of the American Society of Biologi- 
cal Chemists at Atlantic City, April 15-19, 1948 (1). 

893 


1). 
nd 
On 

| 
| 

T, 


CARBOXYPEPTIDASE ACTIVITY 


and substrate, S, to form the enzyme-substrate complex (ES). This, after 
activation, (ZS)*, decomposes into free enzyme and the reaction prod- 
ucts, P. 


E+S= (ES) > (ES)* +E +P (1) 


Enzyme-substrate combination is governed by the dissociation constant of 
the complex, K,,, according to 
(e— pa 


(ES) 2) 


where e is the total concentration of enzyme, p that of the complex, and a 
the substrate concentration, at equilibrium (9). The rate of decomposi- 
tion, v, of the enzyme-substrate complex is expressed by a velocity con- 
stant, k’, 

y = k’ (ES) k'p (3) 


where k’ is proportional only to the concentration of the complex at any 
time, f. Since the concentration of the complex, p, is dependent on K,, 
and on substrate concentration, a, three cases may be considered to describe 
the over-all reaction kinetics. Of these, the first two are limiting conditions 
of the general relation which wil! be considered last. 

Case [—If at equilibrium, p, the concentration of the complex, is neg- 
ligibly small in comparison to the total enzyme concentration, e, and to the 
substrate concentration, a (equation (2)), A, will be sufficiently high to 
force the equilibrium between free and combined enzyme far to the left 
of equation (1). Combination (9) of equations (2) and (3) yields 


(e - pa 
= —— (4) 
If e > p, equation (4) reduces to 
da 
dt 
which is the differential form of a first order reaction equation. Integration 
of equation (5) vields, accordingly, 
‘et 2.3 AK log (6) 
a 


According to Bergmann and coworkers (2), the hydrolysis of synthetic 
peptide derivatives by proteolytic enzymes follows first order reaction 
kinetics, which these authors have expressed in the form 


E. ELKINS-KAUFMAN AND H. NEURATH SD 
a 

kt = log— (7) 
a 


This first order reaction constant, k, is related to the proteolytic coeffi- 
cient, C, by 


(8) 


| > 


where e is the total enzyme concentration in mg. of enzyme N per ce. 
Comparison of equations (7) and (8) with equation (6) shows the following 
interrelations! between k, C, k’, and K,,: 
I: 

It is evident that a substrate concentration-independent first order reac- 
tion constant will be observed in all cases to which the assumptions 
for Case I apply, 2.e. a high enzyme-substrate dissociation constant and 
low substrate concentration. Under these conditions, the rate of combina- 
tion between enzyme and substrate will be the sole rate-determining step,! 
and the proteolytic coefficient a valid expression thereof. 

Case [[—If p and e are of similar magnitudes, and the substrate concen- 
tration is relatively high, the enzyme-substrate dissociation constant will 
be sufficiently low to cause all but a small fraction of the total enzyme 
to be in combination in the complex. Accordingly, fore ~ p, equation (3) 
will reduce to 


= k’e = constant (10) 


and 
ket = (@9 — (11) 


This is the expression of zero order kinetics, the rate-determining step 
being that of the conversion of the complex (4S) into the reaction products 
and free enzyme, or into some intermediary form (/'S)*. This reaction 
mechanism has already been demonstrated for the specilie esterase activi- 
ties of certain proteolytic enzymes, e.g. trypsin (11) and carboxypeptidase 

'The dissociation constant, A,,, is assumed to be equal to (ky + k3)/k; (10), where 
k, is the specitie velocity constant for the reaction + S — (2S), ke that for the 
reverse reaction, and k, the specific velocity constant for the reaction (ES) — £ + P 


(corresponding to kh’ of the d»notations used in this paper). Accordingly, k’/Ky = 
(ky X ky)/(ke + ka). For the special case of kz <k;, this reduces to k, which is 


identical with 2.3 times the first order reaction constant k used by Bergmann and 
coworkers (2). 
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(12). Theoretically, it should be possible to realize it for every enzymatic 
system provided the initial substrate concentration can be sufficiently 
raised to force the equilibrium between free and combined enzyme into 
the direction of the latter. Here, as in Case I, the reaction constant will be 
independent of substrate concentration provided no secondary effects, 
such as those arising from electrostatic interaction (13, 14), are operative, 

Case [[I]—The following general relations apply to all conditions in 
which the concentrations of free (e — p) and combined (p) enzyme at 
equilibrium are of comparable magnitudes. The concentration of the 


enzyme-substrate complex, p, will be determined by both the rate of 
formation and the rate of decomposition into free enzyme and _ reaction 
products. 

Combination (9) of equations (2) and (3) vields 


(e— k’ae — av 


and 


(13) 


Rearrangement and integration of equation (13) yields *: 


Ket = 2.3Kn log + (ao — a) (14) 
Inspection of equation (14) reveals it to be a composite first order and zero 
order expression. Thus the first term on the right-hand side is identical 
with the right-hand term of equation (6), and the second term is identical 
with the right-hand term of equation (11). Since the first order term is 
independent of concentration, whereas the contribution of the zero order 
term increases in proportion with the increase in initial substrate concen- 
tration, a plot of the kinetic data according to conventional first order 
equations will yield non-linear relations. ‘This is illustrated in Fig. 1 for 
a hypothetical case in which K, = 3 X 107°, k’ = 2,ande = 4 & 1074 mg. 


2 We are indebted to Dr. Irving Klotz for a discussion of these aspects of the 


problem. 
The corresponding equation derived by Van Slyke (see Van Slyke, D. D., in 
Nord, F. F., and Werkman, C. H., Advances in en ‘ymology and related subleets, New 


York, 2, 33 (1942)), with the symbols explained in foot-note 1, is 


Ky X log ao/a + (ao — a)/k3. | 


That equation reduces to equation (14) of the present paper only if /, (defined in | 


foot-note 1) is negligibly small in comparison to &’. 
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of N per ce. The initial substrate concentration has been varied within 
the range of 0.2 to 0.01 mM. It will be noted that in regions of relatively 
high initial substrate concentration the velocity increases with time more 
rapidly than is required by first order kinetics, and that the initial slope 
of the curves increases as the initial substrate concentration decreases. In 
low initial substrate concentrations (0.02 and 0.01 mM), the curves approxi- 
mate a linear course and the slopes converge to a maximum value. These 
deviations from first order kinetics are to be expected from equation (14) 
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Fic. 1. Plot of the integrated Michaelis-Menten equation (equation (14)) aecord- 
ing to first order reaction kinetics (equation (7)) in relation to the initial substrate 


concentration do. Am was assumed to be 3 X 10°, k’ = 2,e = 4 XK 104 mg. of 
enzyme N per cc., and ay = 0.2to0.01 mM. For further explanations, see the text. 


since the first order term will predominate as the initial substrate concen- 
trations become relatively small. The habits of the curves are not merely 
due to the narrowing region on the time axis with decreasing substrate 
concentration. If the time required for 90 per cent hydrolysis is decreased 
to the same extent by increasing the enzyme concentration (the initial sub- 
strate concentration remaining constant), the initial slope will increase in 
proportion, but the curvature remains. This is illustrated in Fig. 2 in 
which the rate of the hydrolysis of the same hypothetical system is plotted 
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for a constant initial substrate concentration of 0.2 m, the enzyme concen- 
tration increasing over a 4-fold range. 

It is evident, therefore, that in the general case interpretation of the 
kinetic data of enzymatic reactions by first order kinetics will lead to 
erroneous results unless the substrate concentration is decreased sufficiently 
to render the rate of combination of enzyme and substrate the rate-limiting 
step. In higher regions of substrate concentration, only the integrated 
form of the Michaelis-Menten equation (equation (14)) will apply. 


TE = 16 x10°* 4x10°° 
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Fic. 2. Plot of the integrated Michaelis-Menten equation (equation (14)) according 
to first order reaction kineties (equation (7))in relation to enzyme concentration. Ky 
was assumed to be 3 * 10°?,/4' = 2, the initial substrate concentration ag = 0.2 M. 
Enzyme concentration (denoted in this graph as ZF) is4to1l6 X 10-4 mg. of N perce. 


Determination of K,, and k’'—Lineweaver and Burk (15) have given 
equations for the calculation of A,, from the initial reaction velocity. Of 


? 


these, the following equation has been used in this work.* 


fl ] - 
v max. max 

Eadie (16) has proposed the equation v = Viax. — Ke X v/a which has the ad- 


vantage that the slope, A,., is the regression coefficient and that the two constants 
appear in separate terms. This equation has likewise been used in this work for the 
determination of A,, 
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where v was taken as the moles per liter of substrate hydrolyzed during 
the first 30 minutes of hydrolysis (vso), when the enzyme concentration 
was sufficiently low for not more than about 30 per cent of the total sub- 
strate to be hydrolyzed during that period. These values were then 
corrected to 2 common enzyme concentration of 4 & 10-*mg. of N per ce. 
Vax, is the maximum velocity and is equal to k’ & e (9). 

The integral reaction constant hk’, may be determined by any one of the 
following three methods. 

1. At any initial substrate concentration, e X (is plotted against the ex- 
pression on the right-hand side of equation (14), A,, having been previ- 
ously determined as described above. The slope of the resulting straight 
line is equal to k’. 

2. Since in equation (15), Vina. is equal to h’e (9), k’ can be determined 
directly from a plot according to equation (15), where the slope is equal 
to1/V,.ax. When a/v is plotted along the axis of the ordinates and a along 
the axis of the abseissas. [fv = v0, Vinox. calculated in this fashion has 
to be corrected to the maximum velocity per minute of hydrolysis. 

3. In regions of low initial substrate concentrations, in which the caleu- 
lated first order reaction constant, k, becomes independent of substrate 
concentration, k’ may be ealculated directly from k, A, and e, according 
to equation (9). 


EXPERIMENTAL 


Enzyme-—-Six times recrystallized carboxypeptidase was prepared ag 
previously described (6, 7). 

Substrates and Inhibitors—The pu and forms ot carbobenzoxyglyeyl- 
phenylalanine (CGP) were prepared as already described (7). The p 
isomers of tyrosine, histidine, isoleucine, alanine, and lysine were from the 
collection of Dr. F. Bernheim, who kindly placed these at our disposal. 
p-Phenylalanine was received through the courtesy of Dr. W. H. Stein. 

Methods—Enzymatiec measurements were carried out at 25° in a 0.04 mM 
phosphate buffer, pH 7.5, containing 0.1 mM LiCl. Enzyme solutions were 
prepared daily from stock solutions containing about 0.2 to 0.5 mg. of 
N per ce. The latter was prepared about every 3rd day from a stock 
suspension of crystals. In the earlier part of this work, the progress of 
hydrolysis was determined with the manometric ninhydrin method (17) 
on aliquots varying from 0.2 to 0.8 ec., depending on initial substrate con- 
centration. In the later phase, the colorimetric ninhydrin method, as 
described by Schwert (18), was used. Control measurements have shown 
that these two methods give strictly comparable results. Initial substrate 
concentrations were determined by nitrogen analyses. 
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Results 


Dependence on Substrate Concentration 


The first order reaction constant, &, for the hydrolysis of CGP by ear- 
boxypeptidase at constant enzyme concentration increases with decreasing 
substrate concentration. This effect has been observed with both the 
racemic form of the substrate and with the L isomer. ‘The results are 
illustrated in Fig. 3 in which the proteolytic coefficient, C, is plotted along 


i} 


O 
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L-CGPxi02M 
Kia. 3. Plot of the apparent proteolytic coefficient, C, and of the integral reaction 
constant, &’, against initial concentration of the substrate, L-CGP. O and A = 
pL-CGP; @ and A= L-CGP. C values were calculated from equations (7) and (8), 
and k’ values from equation (14),‘with the A,, values given in the text. 


the left-hand ordinate and the initial substrate concentration (with respect 
to the L isomer) along the abscissa. Within the range of substrate con- 
centration investigated, the proteolytic coeflicient varies from a lower limit 
of C = 9 at 0.075 M substrate to an upper limit of C of about 28 at 0.0125 mM 
substrate. As shown in Fig. 3, the results obtained with t-CGP follow 
the relation plotted for the racemic form. Since, in agreement with 
previous work (3, 7), the proteolytic coefficient was found to be independent 
of enzyme concentration when substrate concentration was held constant, 
supporting data for this finding are not reproduced herein. 
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Since, according to theory, a first order reaction constant should be 
independent of initial substrate concentration, the kinetics of hydrolysis 
of CGP by carboxypeptidase were reinvestigated. In these experiments, 
hydrolysis was followed up to above 80 per cent of completion, since in the 
earlier phase of reaction the order of reaction cannot always be unequivo- 
cally determined. ‘The results of two of several detailed measurements are 


1.4 
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Fic. 4. First order reaction plot of the hydrolysis of pt-CGP by carboxypeptidase, 
corrected to an enzyme concentration of 4 * 10°4 mg. of N per ce. The substrate 
concentrations (with respect to L-CGP) were, respectively, 0.0128 Mm (A), 0.0548 
(O), and 0.0753 m (@). 


given in Tig. 4 for 0.0548 m and 0.0128 m pu-CGP (concentration with 
respect to the L isomer), corrected to a common enzyme concentration of 
4X mg. ot N per ec. Tt will be noted that the curves deviate from 
the linear course required by first order reaction kineties. It is also ap- 
parent from the results given in Fig. 4 that the first order reaction constant, 
as expressed by the slope of the seemingly linear portion of these curves, 
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increases as substrate concentration decreases. For purposes of compari- 
son, the initial rate of hydrolysis for a higher initial substrate concentration 
(0.0753 M) is also plotted in Fig. 4. 

The results of kinetic measurements in substrate concentrations lower 
than those given in Figs. 3 and 4 did not yield to unequivocal interpretation. 
In this low substrate concentration range, the deviations from first order 
kinetics were in the opposite direction from those observed in the higher 
concentration range, and the course of reaction appeared to simulate second 
order kinetics. These deviations were observed below 0.0125 m (with re- 
spect to the L isomer) for pt-CGP, and below 0.025 m for L-CGP. 

Determination of K,,—In accordance with the theoretical considerations 
discussed in a preceding paragraph, a complete resolution of the reaction 
kinetics of the present system requires determination of the enzyme-sub- 
strate dissociation constant, K,,. This has been done according to equa- 
tion (15) by plotting a/v30 against a, where a is the initial substrate con- 
centration. From the straight line, calculated by the methods of least 
squares, the slope and intercept were determined, yielding values for K,, 
and V,~°., the enzyme-substrate dissociation constant and the maximum 
velocity, respectively. The values obtained for pLt-CGP are, respectively, 
K,, = 3.3 X 10-2? and Vinx. (e = 4 X 10 mg. of N percc.) = 2.4 X 107°. 
The corresponding values for L-CGP are approximately the same, 2.e. 
3.4 and 2.2 107°, respectively. 

Determination of k’—The integrated form of the Michaelis-Menten 
equation (equation (14)) yields a constant, k’, which is independent of time 
of hydrolysis, of substrate concentration, and of enzyme concentration. 
It has been shown in Figs. 3 and 4 that in accordance with theoretical 
considerations (see above) the first order reaction constant, /, at constant 
enzyme concentration is dependent on substrate concentration and that in 
relatively high substrate concentrations this ‘‘constant’’ increases with 
increasing time of hydrolysis. The detailed results given in Table I 
demonstrate more clearly the deviations of the first order reaction constants 
from theoretical requirements, for both pL- and L-CGP. 

For each time increment, the first order reaction constant was calculated 
according to equation (7) and expressed as an apparent proteolytic coefh- 
cient by dividing by the enzyme concentration. It will be noted that in 
the higher substrate concentrations (about 0.05 m with respect to the L 1so- 
mer) the apparent proteolytic coefficient increases with increasing time of 
hydrolysis, whereas more nearly constant, though higher, values were ob- 
tained in each of the experiments with lower initial substrate concentration. 
In contrast, no significant trend resulted when the data were interpreted 
according to the integrated equation (equation (14)), the calculated con- 
stants being essentially independent of time, and independent also of 
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initial substrate concentration. Comparison of the apparent proteolytic 
coefficients with the integrated reaction constant, kh’, over the entire sub- 
strate concentration range investigated is made graphically in Fig. 3, which 
shows k’ to remain essentially constant. 


Inhibition by p-Phenylalanine 


In order to elucidate further the mechanism of the hydrolysis of CGP 
by carboxypeptidase, the influence of the reaction products on the rate 
was investigated. Neither earbobenzoxyglycine nor L-phenylalanine had 
any inhibitory effect whatsoever. lTlowever, p-phenylalanine was found 


TABLE | 


Representative Kinetic Data for Hydrolysis of CGP by Carboxrypepltidase 


min. percent min. percent 
pt-CGP0.055m™; 20 | 21.6 12.1! 2.3 pt-CGP 
4.13: 40 | 37.8 | 123.51 2.2 0.0128 
x 10>" G0 | 49.8 | 12.2 | 2.0 (L-),e = 60 | 56.8 | 25.5! 2.4 
SO | 63.8 | 13.61 2.1 ?38><10-' 75 66.6: 26.8 2.5 
100 | 73.0 | 13.7 | 2.0 90 | 71.4 | 25.4! 2.4 
120 | 81.2 | 14.6 2.0 105 | 76.0 | 25.1! 2.3 
140 | 89.5 | 16.8 1.8 88.41 
L-CGP0.0517m,| 20 | 16.2; 9.0! 1.7 , u-CGP 0.0258) 20 24.8] 18.3 | 2.3 
ex 4.33 40 | 33.4 | 10.3 1.8 M,e=3.38, 35 | 39.6 | 18.4 2.2 
10-4 3.4: 20 1074 50 | 49.5 | 17.4} 2.1 
80 | 67.7 | 14.2) 2.1 65 | 58.0 | 17.2! 2.0 
100 | 77.5 | 14.9 | 2.1 80 | 67.0 17.9 2.0 
120 | 86.0 | 16.3 2.1 95 | 78.3 20.6! 2.2 

140 | 89.0 | 15.8 2.1 


k = first order reaction constant according to equation (7). e = mg.ofenzyme N 
perce. &’ = reaction constant according to equation (14). 


to be a potent inhibitor. It was first thought that the dependence of 
reaction rate on substrate concentration and the inhibition by p-phenyl- 
alanine were interrelated phenomena as a result of optical inversion of 
L-phenylalanine during enzymatic hydrolysis. This hypothesis was dis- 
credited by experiments in which p-amino acid oxidase was added to the 
enzymatic digest of L-CGP, which failed to reveal any measurable oxygen 
uptake.» Since control experiments indicated ,that carbobenzoxyglycine 
caused partial inhibition of p-amino acid oxidase activity, oxidation was 


‘We are indebted to Dr. F. Bernheim for performing the measurements involving 
D-amino acid oxidase. Fresh rat kidney slices were used as a source of this enzyme 
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also measured with the isolated end product, phenylalanine, as substrate. 
The results were entirely negative. 

A series of extensive kinetic measurements was made to elucidate the 
mechanism of inhibition by p-phenylalanine. By means of accepted pro- 
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Fic. 5. Competitive inhibition of carboxypeptidase activity by p-phenylalanine 
and p-histidine. 1/v.9 is plotted along the axis of the ordinate, and 1/ao along the 
axis of the abscissa, according to equation (16). vyo is the initial reaction velocity 
expressed in moles per liter of 1-CGP hydrolyzed during the first 30 minutes, cor- 
rected to an enzyme concentration of 4 & 10-4 mg.of N peree. ado is the initial con- 
centration of the substrate, pi-CGP (with respect to the L isomer). O = no added 
inhibitor; A = in the presence of O.OL M Db histidine ; the concentrations of added 
p-phenvlalanine are denoted by & = 9.0025 mM, @ = 0.005 mM, and @ = 0.01 wu.) The 
straight lines were eeleulated by the method of least 


cedures (15) the influence otf both variables, 7.e. substrate concentration 
and inhibitor concentration, on the initial reaction velocity was separately 
determined. The results are given in Fig. 51n which 1/v39 is plotted against 
1/a, where, as before, v3o is the initial reaction velocity after 30 minutes of 
hydrolysis, corrected to a constant enzyme concentration of 4 X 107! mg. 
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of N per cc., and a, the initial substrate concentration. The three straight 
lines, calculated by the method of least squares and corresponding, re- 
spectively, to 0.01, 0.005, and 0.0025 M p-phenylalanine, intersect at a com- 
mon intercept, identical with that obtained in the absence of p-phenyl- 
alanine. ‘This is characteristic of competitive inhibition (15). From the 
slope of these curves in comparison to that of the control experiment (no 
added inhibitor), the enzyme-inhibitor dissociation constant, A; was 
calculated, according to the relation (15) 


where (/) is the inhibitor concentration. 

The calculated value of A; is 2 * 10°%, which is about 17 times lower 
than that of the enzyme-substrate dissociation constant, K,,, which is 
3.3 x 10°*. In the presence of a competitive inhibitor, the integrated form 
of the Michaelis-Menten equation assumes the form 


Kn (1. 
k‘et = 2.3 +- - log (ag — a) (17) 
ky a 


The integrated constant, kh’, accordingly, should be identical with that 
calculated from measurements in the absence of the inhibitor, and should 
likewise be independent of time and substrate concentration. Represen- 
tative plots of time against /'’, where F’ is the expression on thé right of 
equation (17) divided by e¢, the enzyme concentration in mg. of N per cec., 
are shown in Fig. 6. It will be noted that the values obtained from experi- 
ments with varying substrate and inhibitor concentrations follow closely a 
common straight line whose slope is ’ = 2.1, which is identical with the 
mean value obtained in the absence of inhibitor. 

Inhiliticn by p-Histidine and Other p-Amino Acids--Although phenyl- 
alanyl peptides are the most specific substrates of carboxypeptidase, certain 
N-acyl derivatives of other amino acids, such as tvrosine (3), leucine, and 
isoleucine (19), are split as well, though to a considerably lesser degree. It 
seemed of interest, therefore, to test the inhibitory activity of p isomers of 
other amino acids in comparison to that of p-phenylalanine. 

pD-Histidine was found to be considerably inhibitory. The results ob- 
tained with solutions containing varying concentrations of pL-CGP and 
0.01 mM p-histidine ere plotted in Fig. 5. Inhibition may be seen to be of 
the competitive type, the enzyme-inhibitor dissociation constant, A ,, being 
of the same order of magnitude as the enzyme-substrate dissociation con- 
stant, A», 2.e.2 as compared to 3.3 K 10°*. The integral reaction 
constant, k’, calculated according to equation (17), is approximately the 
same as that obtained in the absence of an inhibitor, 7.c. 1.9 as com- 
pared to 2.1. 
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Exploratory measurements on the inhibitory activity of p-alanine, p- 
isoleucine, and p-lysine were limited to rate measurements at a single con- 
centration of pL-CGP, 7z.c. 0.0125 m (with respect to the L isomer), the 
concentration of the p-amino acids being 0.01 m. The data are given in 
Table II, and are expressed as apparent proteolytic coefficients, C. It will 
be noted that the inhibitory activities of p-alanine and p-isoleucine are 
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Fic. 6. A plot to demonstrate the validity of equation (17). 7’ is the right-hand 


expression of equation (17), divided by the enzyme concentration e. The symbols 
denote the following: @ = 0.045 Mm pL-CGP (with respect to the © isomer) + 0.01 m 


p-phenylalanine; © = 0.0112 mM pL_-CGP (with respect to the L isomer) 4+ 0.01 m 
p-phenvialanine; A = 0.0305 mM pL-CGP (with respect to the L isomer) + 0.005 
p-phenylalanine; & = 0.048 m pi-CGP (with respect to the 1 isomer) + 0.0025 


p-phenylalanine. For values of A, and A,, see Table IIT. 


equal and somewhat less than that of p-histidine. p-Lysine has no meas» 
urable inhibitory activity whatsoever.® 

A summary of the characteristic kinetic constants of carboxypeptidase 
is given in Table III. 

6 Preliminary experiments revealed that p-tyrosine is likewise inhibitory. Be- 
cause of the limited solubility of this amino acid, experiments over a range of b- 
tyrosine concentrations could not be performed. 
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DISCUSSION 


The kinetics of the hydrolysis of CGP by carboxypeptidase follows, 
within the limits of the experimental error, the course described as Case III 
in the preceding theoretical considerations. Because of the relatively low 
enzyme-substrate dissociation constant, X,,, interpretation of the results 
by first order reaction equations yields a substrate concentration-dependent 
first order reaction ‘‘constant’’ which increases with decreasing initial sub- 
strate concentration. Moreover, at- any given initial substrate concen- 
tration the rate of hydrolysis increases more rapidly with time than is 


Il 
Effects of Added »-Amino Acids (0.01 m) on Hydrolysis of 0.0125 m L-CGP by 
Carboxry peptidase 
| p-Amino acid | c* | p-Amino acid | G 
None 27 Isoleucine | 17 
Lysine 25 : Histidine 13 
Alanine 17 Phenylalanine 4.5 


*C denotes the apparent proteolytic coetlicient calculated on the assumption of 
first order reaction kinetics. 


TaB_e III 
Summary of Kinetic Constants of Carborypeptidase-CGP System 
pL-CGP None 3 27.8 
pLu-CGP p-Phenylalanine | 0.33 2.1 


p-Histidine 2.0 


* Maximum proteolytic coefficient calculated from k’ and A, according to equa- 
tion (9). 


required by first order reaction kinetics. This deviation is more apparent 
the higher the substrate concentration. These anomalies follow directly 
from the characteristics of the integrated Michaelis-Menten equation 
(equation (14)) which reduces to a first order reaction equation only when 
(a) K, is sufficiently high to render the equilibrium concentration of the 
enzyme-substrate complex (p) small in comparison to the total enzyme 
concentration (e), or (b) the substrate concentration becomes sufficiently 
small to render the first term of equation (14) predominant in comparison 
to the zero order term. 

The integrated reaction constant k’ is independent of both substrate and 
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enzyme concentration and characteristic only of the enzymatic system. 
This is as it should be for a truly catalytic reaction. 

The proteolytic coefficient of the system carboxypeptidase-CGP previ- 
ously reported to be within the range C = 10 to 13 (8-7) is an equivocal 
value. Its true limiting value, determined either from rate measurements 
in low substrate concentrations (0.01 to 0.02 m with respect to L-CGP) or 
from equation (9), is about C = 28. 

Since even the apparent first order reaction constant is dependent on sub- 
strate concentration, the concept of homospecilicity of proteolytic enzymes, 
introduced by Irving, Fruton, and Bergmann (2), requires reconsideration. 
According to this concept, several enzymes may resemble one another 
with regard to side group and backbone specificity such that the ratio of 
the proteolytic coefficient of the enzymes toward two or more s ubstrates 
will be the same for all homospecific enzymes. For instance, carboxy- 
peptidases isolated from beef spleen, beef kidney, swine kidney, and beef 
pancreas have been reported to be homospecific when tested against L-CGP 
and carbobenzoxyglycy!-L-tyrosine, the ratio of the corresponding prote- 
olytic coefficients being 1.6 to 1.8 for all four enzymes (20). Similarly, 
various trypsinases were reported to be homospecific when tested against 
benzoylargininamide and benzoyllysinamide as substrates (20). Since, 
however, the proteolytic coefficient is of limited validity (see above) to 
express enzyme activities and, moreover, depends on both the affinity of 
the substrate for the enzyme, (A,,), and on the rate of decomposition of the 
complex (k’), rigorous proof for the reality of the concept of homospecificity 
requires determination of the constants A,, and k’ for each enzyme-sub- 
strate system. 

It has been recently shown (7) that, contrary to earlier claims (19), the 
concept of antipodal inhibition does not apply to the system carboxypepti- 
dase-CGP. Thus, while the p isomer of this specific substrate is not 
hydrolyzed, it does not inhibit the action of carboxypeptidase toward the 
corresponding L antipode. This observation is further sustained by the 
results of the present investigation which show that over a wide range DL- 
and t-CGP obey the same substrate concentration dependence of apparent 
proteolytic coefficients (Fig. 3) and that they likewise have the same kinetic 
characteristics, K, and hk’. However, other apparent differences were 
noted. Deviations from first order kinetics in the direction of apparent 
second order kinetics were observed in regions of low substrate concen- 
trations, 7.e. below 0.0125 m for pL-CGP (with respect to the L isomer) and 
below 0.025 m for L-CGP. A resolution of these apparent discrepancies 
has to await further investigation. 

Although p-CGP has no inhibitory effect on the enzymatic hydrolysis 
of the L isomer, the p isomer of the free amino acid, phenylalanine, 18 
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strongly inhibitory. Since the inhibition is of the competitive type, it 
has to be concluded that the L peptide and the p-amino acid are bound by 
the same active centers on the enzyme surface. Comparison of the corre- 
sponding dissociation constants, K,, and K ;, shows that the affinity of the 
enzyme for the amino acid is about 17 times greater than for the peptide. 
Whereas it has been previously postulated (3, 19) that the free carboxyl 
group as well as the sensitive peptide group is a requisite structural ele- 
ment of specific substrates for carboxypeptidase, the present evidence 
indicates that the latter is not only dispensable for combination between 
the enzyme and the p-amino acid, but actually prevents it. Although other 
p-amino acids are likewise inhibitory, their activity appears to be related 
to the substrate specificity of the corresponding L peptides (19).?7 This 
may be simply related to the stereochemical characteristics of the amino 
acid residues relative to the steric requirements of the active centers on the 
enzyme surface. It may also suggest, however, that a second point of 
combination between enzyme and substrate (or inhibitor) is located some- 
where on the non-polar amino acid residue and that combination also 
occurs by non-polar interaction. 

The present discovery of a specific inhibitor for carboxypeptidase of 
relatively simple structural characteristics, ¢.e. pb-phenylalanine, appears to 
pave the way for the elucidation of the nature of the groups and the stereo- 
chemical arrangements required for specific combination between enzyme 
and inhibitor, or substrate. This is now being done in this laboratory by a 
systematic study in which the essential contribution to combination of each 
of the four radicals attached to the a-carbon atom is tested by replacement 
by structurally analogous or dissimilar groupings. 

No attempt will be made to reconcile the present findings with those of 
Stahmann, Fruton, and Bergmann (19) according to which not only p-CGP 
but also other, relatively enzyme-resistant, peptides of both the L and 
D series, as Well as carbobenzoxyglycylglycine, inhibit the enzymatic ac- 
tivity of carboxypeptidase toward t-CGP. It has already been stated, 
and again shown in this paper, that we were unable to duplicate their 
findings on the inhibitory activity of p-CGP. Carbobenzoxyglycine is 
entirely devoid of inhibitory activity, as is carbobenzoxyglycylglycine.® 
Further investigation is required in order to corroborate the reported in- 
hibitory activity of the other peptides of Stahmann and coworkers (19). 


7 Experiments on the splitting of N-substituted histidine derivatives by carboxy- 
peptidase are in progress and will be reported elsewhere. 

§The presence of 0.033 mM and 0.05 Mm carbobenzoxyglycylglycine in reaction mix- 
tures containing, respectively, 0.03 Mm and 0.04 m pi_-CGP (concentrations with respect 
to the L isomer) failed to exert any measurable influence on the rate of hydrolysis of 
CGP by carboxypeptidase. 
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The physiological significance of the inhibitory activity of certain p-amino 
acids toward carboxypeptidase remains to be evaluated. Although the 
occurrence of D-amino acid oxidase is beyond dispute, the origin and réle 
of D-amino acids in intermediary protein metabolism remain obscure (21), 
The discovery of the inhibition of carboxypeptidase by p-amino acids may 
play a part in this ill understood system. 


This work has been supported by the Rockefeller Foundation, by the 
United States Public Health Service, National Institute of Health, Division 
of Grants and Fellowships, and by the Duke University Research Couneil, 


SUMMARY 


In confirmation of theoretical considerations, given in an introductory 
section of this paper, it has been shown that the hydrolysis of carbo- 
benzoxyglycylphenylalanine (CGP) by carboxypeptidase does not follow 
simple first order reaction kinetics. The increase of approximated first 
order reaction constants with decreasing substrate concentration is related 
to the change in the equilibrium between the free enzyme and the enzyme- 
substrate complex with varying substrate concentration. Integration of 
the Michaelis-Menten equation yields a reaction constant, kh’, which is 
independent of both enzyme and substrate concentrations and character- 
istic of the reaction system. This constant is related to the proteolytic 
coefficient by the enzyme-substrate dissociation constant (A, = 3.3 X 107) 
and yields a maximum proteolytic coefficient of C = 28 in low sub- 
strate concentrations. 

It has been shown that both A,, and k’ are identical for solutions con- 
taining L-CGP alone or in the presence of p-CGP, thus confirming the 
previous observation that the concept of antipodal inhibition does not 
apply to this system. 

The activity of carboxypeptidase toward CGP is competitively inhibited 
by certain p-amino acids. Of these, p-phenylalanine is the most potent 
inhibitor, the corresponding enzyme-inhibitor dissociation constant, Ay, 
being about 17 times lower than the enzyme-substrate dissociation constant. 

The significance of the present findings in relation to the concept of the 
homospecificity of proteolytic enzymes and to the structural requirements 
of specific substrates of carboxypeptidase has been discussed. 
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EVIDENCE AGAINST THE OCCURRENCE OF A TRICAR- 
BOXYLIC ACID CYCLE IN AZOTOBACTER AGILIS* 


By J. L. KARUSSON anv H. A. BARKER 


(From the Division of Plant Nutrition, Universily of California, Berkeley) 
(Received for publication, May 21, 1948. 


The tricarboxylie acid cycle theory of the mechanism of pyruvate and 
acetate oxidation has been well substantiated by work on animal tissues 
in recent years (11). However, little evidence is available to support the 
existence of such a cycle in bacteria, and certain reports are in contra- 
diction to the theory. For instance, Lenti (7) was able to demonstrate 
inhibition of succinate oxidation in Escherichia colt by malonate, while the 
oxidation of pyruvate was not affected. 

We have investigated the occurrence of the tricarboxylic acid cycle in 
Azotobacter agilis by two independent methods and have obtained evi- 
dence that it is not operative in this organism. 

The first method is based upon the fact that the oxidative enzymes of 
Azotobacter are generally adaptive; z.e., they are formed only in response 
to dhe homologous substrate (2, 3). As shown by the senior author (5) 
and, independently, by Stanier (8), the occurrence of adaptive enzymes 
can be employed to investigate the existence of suspected metabolic path- 
ways, since the organism will as a rule be adapted to attack a given com- 
pound only if this substance has been added to the culture or formed as 
an intermediate during the oxidation of the growth substrate. If an 
enzyme attacking a certain compound is not present in cells grown on a 
different substrate, it can be concluded that the compound has not been 
formed in an appreciable quantity during the metabolism of the growth 
substrate. Conversely, the presence of the enzyme indicates that the 
compound may have been formed as an intermediate during growth. 

The second method involves the use of a radioactive isotope. One 
procedure is based upon an isotope dilution principle. A substrate is 
oxidized in the presence of a postulated intermediate labeled with C*. 
After the oxidation the intermediate is reisolated, and its initial and final 
activities are compared. .\ reduction in specific activity provides proof 
that the postulated intermediate has been formed in the oxidation. If no 
dilution is observed, the opposite conclusion may be accepted, provided 
there is evidence that the labeled compound can penetrate the cell wall. 
A similar approach involves the oxidation of a radioactive substrate in the 


* Supported in part by a grant from the United States Public Health Service. 
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presence of a postulated intermediate to see whether any of the activity 
becomes incorporated in the latter. 


Materials and Methods 


The organism employed in this work was Azolobacter agilis, strain 4.4, 
obtained from Professor C. B. van Niel. One experiment was carried 
out with an artificially induced variant of this organism, designated A13 
(5, 6). 

The growth medium had the following composition, made up in dis- 
tilled water: 0.5 to 1.0 per cent substrate, 0.1 per cent IX.fTPO,, 0.02 per 
cent MgSQO,, 0.01 per cent CaSQO,, 0.003 per cent FesO,, 0.0002 per cent 
NaMoO,;; pH adjusted to 7.2 with HCl. The incubation temperature 
was 28-30°. To insure uniform and rapid growth the cultures were agi- 
tated on a horizontal shaker. 

Respiration was measured by the Warburg technique. The cells for 
manometric experiments were harvested after 3 days incubation, washed, 
and resuspended in mM/30 phosphate buffer, pI] 7.2, containing 0.005 m 
CaSO,;. The rate of oxygen uptake was determined at 26°, with KOT to 
absorb carbon dioxide. The rates are expressed as Qo, (N) values. Total 
nitrogen was estimated by the micro-Wjeldahl method. 

Suecinic acid labeled with C*™ in the carboxyl groups was synthesized 
by the biological method of van Niel ef al. (10), with the ciliate Tetra- 
hymena gelit. The acid was isolated from cell suspensions by ether ex- 
traction, and contaminating substances were removed by permanganate 
oxidation, steam distillation, and basic ether extraction. The resulting 
material was finally sublimed at 150° under 2 mm. of mercury pressure. 
Total succinate was estimated by the suecinoxidase method. Doubly 
labeled acetic acid was prepared by the use of Clostridium aceticum.! 


Acetic acid was isolated by steam distillation and estimated by titration. * 


The 8-carboxyl groitp of oxalacetice acid was obtained by the aniline citrate 
method (9). Radioactivity measurements were made with a Geiger- 
Miller counter as described by Ixamen (4). 


Resulis 


Adaptation Experiments—Our experiments have shown that the oxida- 
tive enzymes of Azotobacter agilis involved in the decomposition of the 
following compounds are adaptive: glucose, gluconate,’ e¢s- and trans- 
aconitate, a-ketoglutarate, succinate, fumarate, malate, pyruvate, tar- 
tarate, malonate, and ethyl alcohol. Cells grown on acetate show lag 
periods for all these compounds, but regardless of the growth substrate, 


! Voleani, B., and Barker, H. A., unpublished data. 
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acetate itself never requires adaptation, probably because it is formed 
during the oxidation of all other substrates, as indicated by independent 
evidence (5). 

Table I shows the initial respiratory rates for a series of compounds 
involved in the tricarboxylic acid cycle by cells grown on the same com- 
pounds. Read horizontally, Table I shows that each growth substrate 
causes complete adaptation to all the more oxidized members, but does 
not in general cause adaptation to more reduced compounds. ‘There are, 
however, exceptions to this generalization in the case of succinate. Read 
vertically, Table I demonstrates that the rate of respiration is slower when 
the substrates below the homologous one are used for growth, indicating 
that the oxidation of the lower compounds does not result in formation of 
the higher compounds, as the tricarboxylic acid cycle theory would re- 
quire. 


TABLE 


Respiration Rates in Relation to Growth Substrate 


— 


| Cos (N) X 10-2 for first 20 min. 


Growth substrate 


Malate Pyruvate Acetate | 
a-Ketoglutarate... | 10 25 17 2 | 28 | 39 | 0 
Succinate. . 2 30 
Malste;... 0) 17 9 0 


The adaptation of cell suspensions of Azolobacter agilis to a new sub- 
strate occurs rather rapidly. In Table I the Qo, (N) values obtained dur- 
ing the first 20 minutes are used because after a somewhat longer exposure 
toa substrate (30 to 45 minutes) a significant adaptation occurs. Respira- 
tion curves for succinate- and acetate-grown cells on several substrates are 
shown in Figs. 1 and 2 as examples of how adaptation to all compounds 
eventually takes place. It is also clear from these graphs how acetate- 
grown cells require adaptation to all the other compounds, whereas suc- 
cmate-grown cells require adaptation to a-ketoglutarate, but not to fuma- 
rate, malate, pyruvate, or acetate. 

Isotope Experiments—With the aid of succinate labeled in the carboxyl 
groups with C™ experiments were made to determine directly whether 
succinate is formed from acetate. In Experiment I cells were used which 
were not adapted to succinate, whereas in Experiment II cells adapted 
to both succinate and acetate were used so as to insure entrance of the 
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succinate into the cells. The initial and final activities of the succinate 
were determined, and only an insignificant dilution was found, as shown 
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bic. 1. Respiration curves for acetate-grown cells. Theoretical oxygen consump- 


tion for complete oxidation of all substrates, 448 microliters of oxygen. 
in Table I]. The theoretical dilution in Experiment I was calculated by 


the method described by Barker and Kamen (1) and it was found that the 
specific activity of the succinate should have been reduced to about one- 
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‘th the original value if the acetate were oxidized via succinate. In Ex- 
periment II, in which the succinate was used up together with the acetate, 
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Mic. 2. Respiration curves for suecinate-grown cells. Theory for complete oxida- 
tion of all substrates, 448 microliters of oxygen. 


still greater dilution would be expected. The observed dilutions were of a 
lower order of magnitude than those expected. 
Since the possibility is not excluded that the radioactive succinate does 
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not come into equilibrium with inactive succinate formed inside the cells, 
an attempt was made to demonstrate that isotopic dilution of succinate 
does occur during oxidation of a-ketoglutarate which in all probability jg 
broken down via succinate. However, this experiment was not successfy] 
because a favorable ratio of the utilization of the two substrates could not 
be attained, since cells adapted to a-ketoglutarate attack succinate at a 
rapid rate. 

A second experiment with C™ was done, this time with strain A13, an 
induced variant of Azotobacter agilis which has lost the ability to decompose 
oxalacetate and pyruvate (5, 6). This genetic block should not interfere 


TaBLe II 


Test for Dilution of Radtoactive Succinate during Decomposition of Inactive Acetate 
by Cells Unadapted to Succinate (Experiment 1) and Adapted to Succinate 
(Experiment IT) 


Experi Acetic acid  Succinic acid 
| | Initial | Final | Initial | Final 


I | Concentration of substrates, mm per 100 cc. | 0.333 0.030 | 0.167 | 0.125 
Specific activity, counts per min. per mg. 7 

II , Concentration of substrates, mu per 100cc. | 1.00 | 0.37 | 0.50 | 

Specific activity, counts per min. per mg. 7 


III 


Oxidation of Doubly Labeled Acetate in Presence of Excess Oxalacetate 


Total activity 

mM _ counts per min. 
Substrates Oxalacetate 0.020 | 0 
Acetate 0.008 25, 000 
Products 8-COOH of oxalacetate 0.020 | 50 
| CO, | 20 , 000 


with the oecurrence of the tricarboxylic acid cycle, and the mutant oxi- 
dizes acetate at the same rate as the parent strain. ‘The experiment was 
conducted in the following manner. A suspension of the organism was 
permitted to oxidize malate to oxalacetate, which has been shown to ac- 
cumulate m the medium. Since the oxalacetate was formed inside the 
cells and penetrated immediately out into the medium, it seems reasonable 
to assume that it can also readily diffuse back in. As soon as the malate 
had been quantitatively converted to oxalacetate (20 minutes), a small 
amount of doubly labeled radioactive acetate was added. ‘The acetate 
was rapidly decomposed, and according to the tricarboxylic acid cycle 
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theory, practically all the activity should have ended up in the oxalacetate. 
Such, however, was not the case, as is shown in Table III. This consti- 
tutes still another piece of evidence against the operation of the cycle in- 
Azotobacter agilis. 

In view of these findings, attempts were made to demonstrate the an- 
aerobic condensation of radioactive acetate with oxalacetate or with pre- 
existing cell constitutents, but without success. Also, possible oxidation 
products of acetate, such as glycolic acid, oxalic acid, and formic acid, 
were shown not to be attacked. Finally, the possibility of some inter- 
mediate accumulating during acetate oxidation was investigated. The 
organism was permitted to oxidize doubly labeled acetate until approxi- 
mately 50 per cent of the theoretical amount of oxygen had been consumed. 
Then the reaction was stopped by addition of acid and the distribution of 
the radioactivity determined. ‘The carbon dioxide was collected as BaCQs, 
and the cells were separated by centrifugation. The clear supernatant 


TaBLe IV 
Distribution of C™ from Doubly Labeled Acetate after Partial Oxidation 
Fraction | Total activity 
| counts per min. 
Ether-soluble, non-volatile compounds....................... 200 


was ether-extracted overnight, and the ether extract steam-distilled. 
Table IV shows the distribution of the activity. No further attempts 
were made to identify the labeled compounds since so little C™ was found 
in the ether-soluble, non-volatile acid fraction. The ether-insoluble res- 
idue and the cells are probably too complex to make further analysis 
feasible. 

DISCUSSION 


On the basis of the data presented, it seems probable that all substrate- 
specific enzymes in A zolohacter agilis are adaptive in the sense that their 
activities are greatly augmented by the presence of the homologous sub- 
strates. ‘The strongly adaptive character of the enzymes responsible 
for the oxidation of a-ketoglutarate, succinate, fumarate, malate, and pyru- 
vate is clearly demonstrated in Table I and in Fig. 1. The acetate enzyme 
appears to be an exception, since it is present in cells grown onjevery sub- 
strate tested. However, this does not necessarily mean that the forma- 
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tion of the acetate enzyme is independent of its specific substrate. A more 
reasonable interpretation is that acetate is formed in the breakdown of every 
other substrate and so is always present to stimulate acetate enzyme forma- 
tion. Independent evidence has been obtained from nutritional experi- 
ments that acetate or a closely related compound is indispensable for 
growth of Azotobacter agilis (5). It may be generally true that so called 
constitutive enzymes are in reality adaptive enzymes for substrates nor- 
mally present in the cells as a result of endogenous reactions. 

The existence of a reaction chain from a-ketoglutarate through sue- 
cinate, fumarate, malate, and pyruvate to acetate is supported by the 
finding that each of the higher members causes adaptation to all the lower 
ones. But since the lower members do not cause adaptation to all the 
higher ones, as the tricarboxylic acid cycle theory requires, the cycle 
appears to be inoperative in pyruvate and acetate oxidations. Postula- 
tions of permeability phenomena being involved or modified compounds 
being the true intermediates are excluded by the finding that a-keto- 
glutarate does cause adaptation to all the lower members of the cycle. 
Any compound going through the same path as a-ketoglutarate after the 
latter has entered the main reaction chain should cause the same adapta- 
tions. The fact that this is not true for acetate can be taken as a proof 
that it is not metabolized via the same path as a-ketoglutarate. 

The absence of the tricarboxylic acid cycle is further substantiated by 
the finding that even with radioactive tracer methods succinate and oxal- 
acetate cannot be shown to be formed during acetate oxidation. Fur- 
thermore, malonate inhibition of acetate breakdown could not be demon- 
strated. Here again it could be maintained that the malonate does not 
get into the cells, particularly since the pIl range is unfavorable, but even 
during growth on malonate, which scems to be metabolized via the same 
path as acetate, there is no accumulation of succinate, although in this 
‘ase the malonate certainly must be getting into the cells. Finally it may 
be mentioned that citrate is not metabolized at all by Azotobacter agilis, 
and cis- and frans-aconitates are attacked only after long lag periods when 
other compounds are used as growth substrates. 

Taken together, these results provide strong evidence that pyruvate and 
acetate are not metabolized by Azotobacter agilis via the generally ac- 
cepted tricarboxylic acid cycle. No alternative metabolic path has been 
discovered, and the mechanism of acetate oxidation in this organism 1s 
still obscure. 


SUMMARY 


The enzymes involved in substrate oxidation in Azotobacter agilis are in 
general adaptive; 1.e., they are formed only when the appropriate sub- 
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strate is present or formed during growth. The existence of a reaction 
chain from a-ketoglutarate through succinate, fumarate, malate, and 
pyruvate to acetate is supported by the finding that each of the more 
reduced compounds causes adaptation to all the more oxidized ones. But 
since the lower compounds do not cause adaptation to the higher ones, as 
the tricarboxylic acid cycle theory would require, the cycle cannot be 
operative for pyruvate or acetate oxidation in this organism. This is 
also indicated by the fact that formation of succinate and oxalacetate from 
acetate cannot be detected even with radioactive tracers. Since acetate 
js oxidized at a higher rate than any other compound, a different mecha- 
nism for its breakdown must exist. 
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STUDIES ON THE MECHANISM OF ALLOXAN HYPOGLYCEMIA 


By SACHCHIDANANDA BANERJEE ann GANGAGOBINDA 
BHATTACHARYA 
(From the Depariments of Chemistry and Mitra Research in Diabetes, School of Tropical 
Medicine, Calcutta, India) 


(Received for publication, May 22, 1948) 


It is well known that when alloxan is injected intravenously into rabbits, 
dogs, and monkeys an initial hyperglycemia is followed by a transient 
hypoglycemia, leading to death of the animals from hypoglycemic con- 
vulsions. If the hypoglycemia is prevented by repeated intravenous injec- 
tions of glucose, the animals survive and permanent hyperglycemia and 
diabetes develop. 

The cause of the transient hypoglycemia has been differently explained 
by different workers. While Goldner and Gomori (1), Ridout et al. (2), 
Kennedy and Lukens (3), and Banerjee (4) consider that the alloxan 
hypoglycemia is pancreatic in origin owing to the release of preformed 
insulin from the necrosed islets, Houssay et al. (5), Wrenshall (6), and 
Carrasco-Formiguera (7) are of opinion that the cause of this hypoglycemia 
is extrapancreatic. In experiments with dogs Houssay et al. (5) observed 
hypoglycemia when alloxan was injected half an hour after the animals 
were pancreatectomized. Wrenshall (6) removed the pancreas of dogs 
9 hours after the animals had received injections of a diabétogenie dose of 
alloxan and determined its insulin content. No significant difference in 
the insulin content as compared to normal controls was observed, which 
indicated that no measurable quantity of insulin was released into the 
circulation. Wrenshall further observed that when dogs were made re- 
sistant to insulin by injections of anterior pituitary extract a diabetogenic 
dose of alloxan significantly lowered the blood sugar level to that of normal 
controls. Carrasco-Formiguera (7) clamped the pancreaticoduodenal blood 
vessels in three dogs before the diabetogenic dose of alloxan was injected. 
Although all of the animals failed to develop diabetes, all showed pro- 
nounced hypoglycemia. In experiments with rabbits Carrasco-Formi- 
guera observed that when rabbits received injections of epinephrine 1 hour 
prior to the injection of a diabetogenic dose of alloxan most of the animals 
failed to develop diabetes, but all of them had pronounced hypoglycemia. 
Goldner and Gomori (8) could not confirm the claims of Houssay and 
others (5-7). They observed no hypoglycemia after injection of dia- 
betogenic doses of alloxan in dogs in which the pancreas was removed 30 
minutes or several days or weeks prior to the injection. When the blood 
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924 ALLOXAN HYPOGLYCEMIA 
vessels supplying the pancreas were clamped prior to the injection of 
alloxan, the dogs which failed to develop diabetes did not show any hypo- 
glycemia. In their experiments with rabbits Goldner and Cromori, how- 
ever, confirmed the observations of Banerjee (4) who showed that partially 
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H 0 URS AF R INJE T/ON OF OXAN 
Fig. 1. Blood sugar curves of rabbits after injection of alloxan (200 mg. per kilo). 


Prior to the injection of alloxan the rabbits were fasted for 7 days and each received 


by injection a daily dose of 100 mg. of phlorhizin for 7 davs. 

pancreatectomized rabbits failed to develop severe hypoglycemia, did not 
have hypoglycemic convulsions, and all of them survived without injection 
of glucose and developed diabetes. These findings indicated that. the 
hypoglycemia depended upon the amount of insulin available in the 
pancreas. 
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The present communication is intended to throw further light on the 
mechanism of alloxan hypoglycemia. Several rabbits were fasted for a 
week and injected with phlorhizin in order to lower the insulin secretion of 
the pancreas; the effects of the injection of diabetogenic doses of alloxan 
on the blood sugar level in those animals were studied. 
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2 
HOURS RFTER FEEDING GLUCOSE 
Fic. 2. Glucose tolerance curves of a rabbit. The dash curve represents the test 
made before the animal was fasted and phlorhizinized; the solid curve indicates the 
test made after the rabbit was fasted and phlorhizinized for 7 days. 


EXPERIMENTAL 


Four healthy female Himalayan rabbits, varying in weight between 1280 
and 15380 gm., were housed in separate metabolism cages. The animals 
were fasted for a period of 7 days but were allowed to drink water during 
this period. Each animal received a daily intramuscular injection of 100 
mg. of phlorhizin suspended in olive oil for these 7 days. All of the animals 
excreted sugar in the urine by the 2nd day of the experiment. On the 8th 
day alloxan in a dose of 200 mg. per kilo of body weight was injected into 
the marginal ear vein of all the rabbits and the blood sugar was estimated 
according to the method of Hagedorn and Jensen (9) in samples of blood 
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taken both before and at varying intervals up to 24 hours after the in- 
jection of alloxan. The blood sugar curves of the animals are shown ip 
Fig. 1. 

In order to study the utilization of glucose by a phlorhizinized rabbit 
fasted for 7 days, a glucose tolerance test was performed in a rabbit fasted 
overnight. The rabbit was fasted and then given a daily injection of 100 
mg. of phlorhizin for a period of 7 days as described before. On the Sth 
day the glucose tolerance test was performed as follows: The rabbit was 
fed a 50 per cent solution of glucose in a dose of 1 gm. per kilo of body 
weight. Samples of blood were taken both before and at intervals of 
half an hour up to 2} hours after the glucose feeding. [lood sugar was 
determined as before. ‘The results are shown in Vig. 2. 

Two rabbits were made diabetic by intravenous injection of alloxan. 
After 7 days a diabetic type of glucose tolerance curve was obtained. 


| 
Blood Sugar Values of Alloran-Diabetic Rabbits before and after Intravenous Injection 
if All 


Blood sugar values are expressed in mg. per cent. 


Weight of | Fasting blood 
rabbit sugat 
>i 
gm. 
1490 233 512 497 428 428 428 462 


1500 118 204 240 287 341 259 168 
Alloxan (200 mg. per kilo) was then injected in both of these rabbits and 
J 
samples of blood were drawn at varying intervals up to 6 hours after the 
injection of alloxan. The blood sugar vaiues are o1\ en in Table I. 


Resulis 


Phlorhizinized rabbits fasted for 7 days showed a diabetic type of glucose 
tolerance curve. Injection of alloxan into such rabbits produced an initial 
hyperglycemia, but no hypoglycemia was observed in any one ot them. 
24 hours after the injection of alloxan all of the rabbits excreted sugar in 
the urine and the blood sugar level was high, indicating that all of the 
animals developed diabetes. 

Injection of alloxan into rabbits made diabetic by a previous injection 
of alloxan caused a further rise in the blood sugar level, and even 6 hours 
after the injection of alloxan the blood sugar level was much above the 
fasting blood sugar value. 


d 


h 


f 


S. BANERJEE AND G. BHATTACHARYA 927 


DISCUSSION 

Normal rabbits develop hypoglycemic convulsions within 2 to 4 hours 
after the intravenous injection of a diabetogenic dose of alloxan (200 mg. 
per kilo) (4). All of the four rabbits which were phlorhizinized and 
fasted for a period of 7 days showed initial hyperglycemia, contrary to 
the findings of Goldner and Gomori (10), but failed to develop hypogly- 
cemia even 5 hours after the injection of alloxan. All of the animals sur- 
vived the next day without injection of glucose and showed marked hy- 
perglyeemia and glycosuria and developed diabetes. A glucose tolerance 
test in one such rabbit gave a diabetic type of curve, indicating that a 

fasted phlorhizinized rabbit has possibly less insulin for the utilization of 
ee Du Vigrneaud and Warr (11) observed that rabbits fasted for 7 
days or longer did not utilize glucose as normal animals do. The injec- 
tion of phlorhizin to the fasted rabbit led to the excretion of glucose in 
the urine, which further enhanced the carbohydrate starvation, leading 
possibly to further diminution in the insulin secretion of the pancreas. 
Injection of alloxan in two alloxan-diabetic rabbits failed to lower the 
blood sugar level from the initial fasting value. The absence of hypo- 
glycemia after the injection of a diabetogenic dose of alloxan in fasted 
and phlorhizinized rabbits and in rabbits made diabetic by previous in- 
jection of alloxan, conditions in which there is less insulin in the pan- 
creas, seems to indicate that the cause of alloxan hypoglycemia is pan- 
creatic in origin and not extrapancreatic as claimed by Houssay and 
others (5- 
SUMMARY 

Alloxan (200 mg. per kilo) was injected intravenously into four 
rabbits which were fasted and then received a daily injection of 100 mg. 
of phlorhizin for a period of 7 days. No hypoglycemia was observed in 
any of the rabbits. 

2. Glucose tolerance tests were performed in a rabbit, both before and 
after the animal was phlorhizinized and fasted for 7 days. <A diabetic type 
of glucose tolerance curve was observed when the animal was phlorhizinized 
and fasted. 

3. Alloxan was injected into two rabbits made diabetie by a previous in- 
jection of alloxan. Alloxan did not lower the blood sugar level from its 
initial fasting value. 

The alloxan hypoglycemia as observed in rabbits seems to be pan- 
creatic in origin. 
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THE STRUCTURE OF A NEW CYCLOHEXOSE PRODUCED 
FROM d-INOSTTOL BY BIOLOGICAL OXIDATION* 


By BORIS MAGASANIKT ann ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, May 25, 1948) 


[In a previous publication (1) the oxidation products were described that 
resulted from the action of Acelobacter suboxydans on various isomers of the 
inositol series. With d-inositol (1) as the substrate, the bisphenylhydra- 
zone of the diketone Il and a compound having the analytical composition 
of the phenylhydrazone of a cyclohexose were isolated after the addition of 
phenylhydrazine to the culture fluid. Both substances were obtained in 
very poor yields. Since, however, d-inositol was shown to take up 2 gm. 
atoms of oxygen per mole, when shaken in a Warburg vessel with resting 
bacteria, an extension of this technique to preparative work seemed promis- 
ing. The results of these experiments, which led to the isolation of a new 
eyclohexose, are described in the present paper. 

The apparatus used, essentially identical with the customary arrange- 
ment for catalytic hydrogenations at atmospheric pressure, made it possible, 
by means of the observation of oxygen consumption, to follow the course of 
the reaction. The oxidative reactions could be interrupted at various 
levels of oxygen uptake, yielding different proportions of the mono- and the 
diketo compound. The addition of phenylhydrazine to the solutions con- 
taining these substances resulted in the precipitation of mixtures of their 
respective mono- and bisphenylhydrazones. These could be separated by 
virtue of the lower solubility of the monophenylhydrazone in boiling eth- 
anol =‘The pure compound, however, was not obtained in a good yield when 
large amounts of the bisphenylhydrazone were present. For the prepara- 
tion of the monoketo compound the reaction was, therefore, interrupted 
after the uptake of about 0.5 gm. atom of oxygen per mole of d-inositol. 
Under these conditions the vield of monophenylhydrazone was 55 per cent 
and of bisphenylhydrazone 3.3 per cent of the theoretical, based on the 
amount of oxygen consumed, 

The levorotatory phenylhydrazone was split in the usual manner with 


* This work was supported in part by a grant from the American Cancer Society on 
the recommendation of the Committee on Growth of the National Research Council. 

+ William J. Gies Fellow, 1947-48. This report is from a dissertation submitted by 
Boris Magasanik in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Faculty of Pure Science. Columbia University. 
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benzaldehyde. The resulting inosose was found to be less stable than the 
inososes previously described (2-5). The evaporation of the solution 
containing this compound to dryness in vacuo at about 30° led to a non- 
crystalline residue which failed to reduce Penedict’s solution. When, how- 
ever, the evaporation was carried out in the frozen state in vacuo, the hemi- 
hydrate of an inosose, CgH,o0¢-3H2O, was obtained, after the recrystalliza- 
tion of the residue from aqueous ethanol, in a yield of 87 per cent of the 
theory. The dextrorotatory, very water-soluble, crystalline substance 
reduced Benedict’s solution in the cold, though more slowly than meso- or 
epi-inosose, and reacted with phenylhydrazine to form a phenylhydrazone. 

The exact configuration (III) of this cyclohexose, for which the designa- 
tion d-inosose is proposed, was established by oxidation with resting A ccio- 
bacter suboxydans, which led, after uptake of 1 gm. atom of oxygen per mole 
of substrate, to a diketone isolated as its bisphenylhydrazone. This was 
shown by optical rotation, melting point, and mixed melting point to be 
identical with the compound resulting from the uninterrupted bacterial 
oxidation of d-inositol (I) itself (1). The reactions involved are represented 
in the accompanying flow sheet. (The numbering of the carbon atoms 
follows that adopted in the preceding paper (1).) 


{) 
| 
(I) (T]) 
| 
| 
0. 
Acetobacter A celobacter 
suboxrydans | subo.cydans 
(111) 
Pt) 
28 


Cv) 


Since II is formed by the oxidation of the hydroxyl groups in positions 2 
and 3 of I (1), d-inosose must be the monocarbonyl compound obtained by 
the oxidation of one of these groups. The inspection of the structural 
formula shows that, regardless which of these hydroxyls is attacked, cyclo- 
hexane-(1 ,2,5)cis-pentol-3-one (III) will result. 
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Additional proof was furnished by the reduction of d-inosose with hydro- 
gen in the presence of platinum oxide. This reaction led to a mixture of 
the stereoisomers d-inositol (I) and meso-inositol (IV), in which com- 
pound I predominated. This is an instance of the conversion of one 
naturally occurring isomer, v7z. d-inositol, into another, meso-inositol. 

d-Inosose (III) belongs to the group of six cyclohexoses structurally de- 
rived from meso-inositol (IV). Of these, meso-inosose (3), dl-epi-inosose 
(2), and /-epi-inosose (4, 5), which have already been described, closely re- 
semble each other in chemical and physical properties. d-Inosose, how- 
ever, differs markedly from the others. Reference has already been made 
to its greater heat sensitivity, to its slower oxidation by Benedict’s solu- 
tion, and to the fact that it crystallized from aqueous alcohol as a stable 
hemihydrate. 

Striking differences were revealed by a comparison of the ultraviolet 
absorption spectra of meso- and d-inosose (Fig. 1). meso-Inosose, in a 
freshly prepared aqueous solution, was found to possess an absorption band 
with a maximum at 282 mu (e = 22.2), in essential agreement with the 
observation of Posternak (5). The same spectrum was recorded when the 
measurement was repeated after the solution had been allowed to stand at 
room temperature for 48 hours. <A freshly prepared aqueous solution of 
d-inosose, on the other hand, showed a weak absorption band with a maxi- 
mum at 258 my (e = 14.8). But the spectrum changed, in the beginning 
quite rapidly, when the solution was stored, with the disappearance of the 
absorption band. The curve recorded after 48 hours is included in Fig. 1. 
Absorption bands in this region of the spectrum are characteristic for the 
carbonyl group (6). According to this evidence, meso- and ep7-inosose, as 
was pointed out by Posternak (5), seem to exist in aqueous solution as the 
free keto compounds, differing in this respect from the ordinary hexoses. 
d-Inosose, on the other hand, does not appear to occur to any extent as a 
carbonyl compound, once tautomeric equilibrium has been established. 

Another unusual feature may be seen in the behavior of d-inosose toward 
sodium amalgam. Whereas the other inososes studied were reduced by 
this reagent to a mixture of stereoisomeric inositols, d-inosose yielded, fol- 
lowing the acetylation of the reduction product, an unexpected derivative. 
The analytical figures obtained for this crystalline compound and its molee- 
ular weight were in keeping with its formulation as the decaacetate of a 
substance having the formula (V) or CrHpO(OH) (VI). 
In V, 2 molecules of inositol could be assumed to be connected through an 
ether linkage >CH—O—CH <; VI, containing 2 hydrogen atoms less, 


O 


could be formulated as an epoxide, >C——--—-C <. 
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If d-inosose itself is considered as existing largely as the dimer, in which 
the 2 molecules are linked by way of the hydrated carbonyl groups, 
>C(OH)—O—C (OH) <, the analytically demonstrated presence of 1 mole- 
cule of stably bound water for 2 molecules of the keto compound becomes 
understandable. The other chemical and physical properties of the com- 
pound, mentioned above, also accord with this assumption, although the 


28.0. 
| ‘NESO- iINOSOSE 
d-inosose 48 hrs 
20.0, 
| 
16 
i20. 
| 
80) 
40 
| 
| 
350 300 250 


A, 


Fic. 1. Absorption spectra of d-inosose (III) and meso-inosose, 30 minutes and 48 
hours after the preparation of the aqueous solutions. 


production of an ether linkage (V) by the reduction of a hemiacetal with 
sodium amalgam appears rather unusual. 

In the second, less plausible alternative mentioned above, the decaace- 
tate of compound VI would have been formed from monomeric d-inosose 
by the reduction of 2 molecules to a pinacol which then was dehydrated, 
under the conditions of the acetylation, to an epoxide. While analogous 
reactions have been described (7,8), it is difficult to correlate the properties 
of d-inosose with this assumption. 
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EXPERIMENTAL 
M atertal 


The preparation of d-inositol and the cultivation of Acefobacter suboxy- 
dans have been described in a previous communication (1). 


Preparation of d-Inosose 


18 gm. (100 mM) of d-inositol were dissolved in a mixture of 100 ec. of 
water and 50 ec. of M/15 phosphate buffer of pH 6.0 in an Erlenmeyer 
flask. To this solution a suspension of washed Acetobacter suboxydans, 
grown in nine Roux bottles for 3 days (about 0.5 gm., dry weight), in 25 ce. 
of 0.9 per cent aqueous sodium chloride was added. ‘The flask was attached 
toa graduated reservoir filled with oxygen and the mixture agitated at 37° 
with a magnetic stirrer. The rapid reaction was stopped after 155 minutes, 
when 565 cc. of oxygen (about 23 mm) had been taken up. The bacteria 
were removed by centrifugation and filtration through infusorial earth, and 
10 ce. of phenylhydrazine in 20 ec. of 50 per cent acetic acid were added to 
the clear, colorless filtrate. The solution turned red, and a copious precipi 
tation of pink crystals occurred. This mixture of phenylhydrazones was 
washed with water, dried in air, and the dry material (9.8 gm.) was refluxed 
for 30 minutes with 200 ec. of ethanol. The mixture was filtered and the 
yellowish residue again extracted under a reflux with 200 ec. of ethanol for 
Whours. The undissolved residue consisted of 6.8 gm. (25.4 mM) of almost 
pure phonylhydrazone of d-inosose, m.p. 193-195°.! Yield, 55 per cent, 
based on the amount of oxygen consumed. The preparation of the pure 
phenylhydrazone is described below. 

The red alcoholic filtrates, on evaporation to a small volume and addition 
of water, yielded 270 mg. (0.76 mM) of the previously described (1) bzs- 
phenylhydrazone of II, m.p. (after recrystallization from aqueous methy] 
cellosolve) 217°. Yield, 3.5 per cent, based on the amount of oxygen 
consumed. 

The phenylhydrazone (6.8 gm.) was heated under a reflux for 10 minutes 
with 10 cc. of freshly distilled benzaldehyde and 1 gm. of benzoie acid in 
100 ec. of water. The filtrate was extracted with three 100 ce. portions of 
ether and treated with charcoal, and the clear, yellow solution evaporated 
wn vacuw in the frozen state. The yellowish, semicrystalline residue was 
dissolved in 20 ec. of water, containing a few drops of dilute sulfurie acid, 
and decolorized with charcoal, and 60 ec. of ethanol were added to the clear, 
colorless filtrate. After chilling overnight, the crystalline hemihydrate of 


‘The melting points, reported without correction, were determined with an 
electrically heated stage (Fisher-Johns). The intact crystals were placed on the 
stage which was preheated to about 5-7° below the melting point. 
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d-inosose (III) was obtained as colorless plates weighing 4.1 gm. (22 mm), 
Yield, 87 per cent of the theoretical. 

After one additional crystallization trom aqueous ethanol, the compound 
melted at 138-139". It was dextrorotatory in water and showed no muta- 
rotation (c = 2.37, 1 = 2 dm., a? = +0.93° + 0.01°); [a]? = + 19.6° 
+ 0.2°. Its solution reduced Benedict’s solution in the cold, though at an 
appreciably slower rate than a corresponding solution of mcso-inosose, 


(6H (187.1). Calculated, C 38.5, H 5.9; found, C 38.5, H 3.8 


Phenylhydrazone of d-Inosose—On addition of phenylhydrazine in 50 per 
cent acetic acid to an aqueous solution of d-inosose, faintly pink crystals 
appeared almost at once. hey were washed with hot ethanol and re- 
crystallized from aqueous pyridine. The phenylhydrazone of 111 was thus 
obtained as white plates, melting with decomposition at 196-197°. The 


optical rotation in 1:1 ethanol-pyridine (¢ = 1.80, = 2 dm., a%? = —1.99° 
+ (0.02°) was fa] = —55.3° + 0.5°. No mutarotation was observed 


within 24 hours. 


Cy2H,O;sN2 (268.3). Calculated. C 53.7, H 6.0, N 10.4 
Found. 


No erystalline acetate of d-inosose could be obtained. 
Action of Acetobacter suboxydans on d-Inosose (IIT) 


Oxygen Consumption and Oxidation Rate—The determinations were car- 
ried out by allowing 0.5 ec. of a bacterial suspension containing 1.3 mg. of 
bacterial nitrogen to act on 7 micromoles of d-inosose in a total volume of 
3 ce. of M/15 phosphate buffer of pH 6.0 and at 36° in the presence of air. 
The uptake of oxygen per mole of substrate was 0.51 mole. The Qo, (N) 
ealeulated for the time interval for which the oxygen uptake was linear was 
—83. The total duration of oxygen uptake was about SO minutes. 

Formation of Bisphenylhydrazone of II—In 3 ce. of M/15 phosphate buffer 
(pH! 6.0), 187 mg. (1 mM) of III were dissolved and shaken under oxygen 
with a suspension of washed Acctobacler suborydans (dry weight about 0.2 
gm.) in a water bath maintained at 36°. <A total of 12 cc. of oxygen (about 
0.50 mM) was taken up in the course of 10 hours. The bacteria were re- 
moved by centrifugation and filtration through infusorial earth, and 1.0 
ee. of phenylhydrazine in 2.0 ce. of 50 per cent acetic acid was added to the 
clear, yellowish filtrate. A reddish yellow precipitate appeared, which 
vielded, after recrystallization from aqueous ethanol, 140 mg. (0.39 mm, 
39 per cent of the theoretical) of the bisphenylhydrazone of If. ‘This com- 
pound, whose direct preparation from d-inositol has already been described 
(1), was further purified by recrystallization from aqueous methy! cellosolve. 
The long yellow crystals, possessing a greenish sheen, melted at 217° with 
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decomposition. The crushed powder decomposed at 210° (1). The optical 
rotation of the freshly prepared solution of the compound in 1:1 ethanol- 
pyridine (c = 0.056, 1 = 1 dm., ay’ = —0.16° + 0.01°) was = — 286° 
+ 17°. The bisphenylhydrazone, obtained by the direct bacterial oxida- 
tion of d-inositol (1), showed an optical rotation of (c = 0.0504, 1 = 1 dm., 
a? = —0.14° + 0.01°) [a] = —278° + 20°2 The mixture of these two 
bisphenylhydrazones showed no depression of the melting point. 


Conversion of d-Inosose to d- and meso-Inositol 


Catalytic Reduction— 1 gm. (5.4 mm) of III was dissolved in 30 ec. of water 
and shaken with 440 mg. of platinum oxide in an atmosphere of hydrogen. 
A total of 225 ec. of hydrogen was taken up in 3 hours. About 1 mole of 
hydrogen was consumed per mole of d-inosose (after correction for the hy- 
drogen used for the reduction of the catalyst). <A little acetic acid was 
added, the mixture heated to boiling, the coagulated platinum removed by 
filtration, and the filtrate evaporated to dryness in vacuo. The residue was 
dissolved in 5 ce. of water and the solution treated with charcoal. The ad- 
dition of 40 cc. of ethanol to the filtrate resulted in the deposition of a mix- 
ture of meso- and d-inositol, 620 mg. (64 per cent of the theoretical) melting, 
after being dried in vacuo at 60°, between 223-—236°. 

Hexaacetate of meso-I nositol—A portion of the mixture of the two inositols 
(85 mg.) was refluxed for 8 minutes with 1 cc. of acetic anhydride in the 
presence of a small amount of zine chloride. The cooled mixture was 
poured into 10 ec. of water, when a viscous oil, adhering to the sides of the 
flask, separated. The supernatant liquid was decanted from the chilled 
mixture and the oil dissolved in a small volume of boiling ethanol. The 
concentration of this solution to a volume of 1 ec., followed by cooling, re- 
sulted in the deposition of about 10 mg. of white crystals. ‘Their melting 
point, after one additional recrystallization from ethanol, was 216~—-217°. 
The admixture of authentic hexaacetyl meso-inositol did not lower the melt- 
ing point. 

The aleoholic mother liquors were evaporated to dryness and the resulting 
viscous oil, presumably d-inositol hexaacetate, was found to weigh 65 mg. 
after being dried tn vacuo at 60°. 

d-Inositol—Vhe remainder of the mixture of the two inositols was re- 

*Higher values for the specific rotation were observed in more concentrated 
solutions of the bisphenylhydrazones (1). Inthe dilute solutions used in the experi- 
ments here deseribed, the rotation changed very rapidly. After 24 hours the solution 
of the bisphenylhydrazone of II was found to have become dextrorotatory, and that 
of its enantiomorph (1) levorotatory. No such rapid changes were observed in the 
more concentrated solutions (1). This is in keeping with the findings of Engel (9) 
who showed the mutarotation of osazones to be due to hydrolysis to the free dike- 
tone and phenylhydrazine. 
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crystallized twice from aqueous alcohol. The white crystals (130 mg,), 
melting at 247-248°, showed no depression of the melting point when mixed 
with d-inositol. The optical rotation in water (c = 3.30, 1 = 2dm., a? = 
+4.20° + 0.02°) was found as [a] = +63.6° + 0.3°.' The rotation of 
pure d-inositol is [a]=°> = +65.0°. 


Reduction of d-Inosose (III) by Sedium Amalgam 


To 700 mg. (3.8 mm) of ITI, dissolved in 10 ce. of water, 2.5 per cent so- 
dium amalgam was added in 4 gm. portions over a period of several hours 
with continuous shaking. The solution was kept neutral by the addition of 
N acetic acid. After 40 gm. of sodium amalgam had been added, the mix- 
ture no longer reduced Benedict’s solution. ‘The mercury was removed by 
filtration and the filtrate evaporated todryness tn vacuo. The dried residue 
was treated with 10 cc. of boiling acetic anhydride in the presence of zine 
chloride for a period of 5 minutes. The cooled mixture was poured into 
several volumes of water and chilled overnight, when 620 mg. of slightly 
brown, crystalline material, melting at about 170°, were deposited. The 
filtered solution of this substance in boiling ethanol deposited, on being 
cooled, 450 mg. of white plates, melting at 175-176°. This compound did 
not reduce Benedict’s solution, even after prolonged heating. 


Decaacetate of 19, Cok 
Calculated. C 50.4,H 5.6, CH;CO— 56.4, mol. wt. 762.7 


Calculated. C 50.5, H 5.3, CH;CO— 56.6, mol. wt. 760.6 
Found. 56.0, ** CReat) 730 


Absorption Spectra 

The absorption spectra of d-inosose (71) (24.4 mmM solution in water) 
and of meso-inosose (28.9 mm solution in water), 0.5 and 48 hours after 
preparation of the solutions, are reproduced in Fig. 1. The pH of the solu- 
tion was 5.4 and 4.8 respectively. The measurement of the spectra in solu- 
tions adjusted to pH 7.0 by dilute phosphate buffer led to essentially the — 
same results. A Beckman photoelectric quartz spectrophotometer was 
used. 


We are indebted to Miss R. Rother for the microanalyses. The acetyl 
determination was carried out through the courtesy of Dr. Al Steyermark 
of Hoffmann-La Roche, Inc., Nutley, New Jersey. 


SUMMARY 


A new cyclohexose, d-inosose (III), was obtained by the incomplete oxida- 
tion of d-inosittol (1) by Acetobacter suboxydans. 
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The configuration of this compound, which appears to exist as the dimer, 
was established by bacterial oxidation to the diketone IT and by catalytic 
reduction to d-inositol (1) and meso-inositol (IV). 

In contrast to the other known inososes, d-inosose exhibited, in a freshly 
prepared aqueous solution, only a weak carbony! band in the ultraviolet, 
which disappeared when the solution aged. 

The reduction of the keto compound with sodium amalgam led to a di- 
meric compound, isolated as the decaacetate, whose structure is discussed. 
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THE OXIDATION OF d-QUERCITOL BY ACETOBACTER 
SUBOXYDANS* 


By BORIS MAGASANIKT anp ERWIN CHARGAFF 


(Frem the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, May 25, 1948) 


A previous communication from this laboratory (1) included the demon- 
stration that d-quercitol (I) was oxidized by resting Acetobacter suborydans. 
The maximal oxygen consumption amounted to 2 gm. atoms per mole of 
substrate. ‘The present paper deals with the isolation and identification of 
the oxidation product. 


(1) 


The oxidation was carried out on a preparative scale with resting bac- 
teria in the presence of oxygen by the technique described in the preceding 
paper (2). Oxygen uptake under these conditions ceased when about 1.3 
atoms of oxygen had been taken up per molecule of d-quercitol. The addi- 
tion of phenylhydrazine to the reaction mixture resulted in the deposition 
of a dextrorotatory, crystalline, yellow compound, having the analytical 
composition of the bisphenylhydrazone of a diketo quercitol. The yield 
was 33 per cent of the theoretical, based on the amount of oxygen con- 
sumed. The low recovery of bisphenylhydrazone and the incomplete 
oxidation (measured by the oxygen uptake) seem to indicate that the 
attack on a large portion of the substrate stopped with the formation of 
an intermediate monoketo compound. This finding is in keeping with 
observations reported previously (1), which showed that the rate of the 
first oxidation step was considerably greater than that of the second, and 
that with a smaller quantity of bacteria the total oxygen uptake amounted 
toonly 1 atom per molecule of substrate. Attempts at the isolation from 
the reaction mixture of the phenylhydrazone of a monoketo compound 
were, however, not successful. 

The absorption spectrum of the bisphenylhydrazone reproduced in Fig. 1 

* This work was supported in part by a grant from the American Cancer Society on 
the recommendation of the Committee on Growth of the National Research Council. 

jt William J. Gies Fellow, 1947-48. This report is from a dissertation submitted by 
Boris Magasanik in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Faculty of Pure Science, Columbia University. 
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is characteristic of osazones (1,3). The consumption of periodic acid in 66 
per cent ethyl alcohol at room temperature corresponded to 2 moles of 
oxidant per mole of substance. The compound must therefore be the bis. 
phenylhydrazone of an a-diketone, with the three hydroxy] groups situ- 
ated on adjacent carbon atoms. Structures IT and IIT only are compatible 
with these results. 


N—NHC,H. 
\= 
C.H.NH-—N 
lil 


In order LO decide bet these Two possible the rates of OXI- 
dation by periodic acid of this a-bisphenvlhydrazone and of the one pre. 
pared from d-inositol (IV) (1) were compared. 


Lhe measurements were carned out in very dilute, strongly acidic, aleo- 
holic solution, in order to allow observation by slowimg down the reaction 
rates sufficiently. The results summarized in Table [| reveal that the 
a-bisphenylhydrazone derived from d-quercitol was oxidized in the early 
phase of the reaction at a speed about half of that at which the d-inositol 
derivative was attacked. 

It has been shown repeatedly (4, 3) that cyclohexitols pe Sssessing two 
vicinal hydroxyl groups in the cis position are cleaved by periodic acid at 
an appreciably greater rate than are their trans isomers. 

Compound IV (1) does not possess a pair of vicinal cis hydroxyls. A 
compound having structure ILI, with one pair of cis hydroxyls, may there- 
fore be expected to be oxidized more rapidly than IV. The observation 
that the a-bisphenvihyvdrazone derived from d-quercitol was oxidized at 4 
considerably slower rate than IV favors the assumption that it possesses 
structure II, in which the vicinal hydroxyl groups are in the trans posi- 
tion. The slower oxidation may be due to the fact that compound II 
has only three hydroxyl groups, whereas compound IV has four. 

The evidence presented indicates that the hydroxy] groups in positions 2 
and 3 of d-quercitol (1) are oxidized by Acetobacter suboxydans to give 
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tion spectrum (in absolute ethanol) of the a-bisphenylhydrazone of 


cis-4-triol-2,3-dione (IT). 


\bsory 

evelohexane (i 5 
TABLE 

Rates of Ox tation lerd of a-Bisphe nulhydrazone 8 Derive d from d-Querciiol 
[nos rtal 


Oxidant consumed per mole a-bisphenylhydrazone derived from 
! lat 
f-Quercitol d-Inosito] 
hi moles moles 
0.30 0.55 
).40 1). 
5 0.68 1.25 
LG 0.98 1.48 
1.40 
i440) 3.01 


cyclohexane-(1 ,38-dione, ioslated as its bisphenylhydrazone 


(IT). 


respect to the numbering of the carbon atoms, colnpare a previous 
discussion (1). 
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The steric structure of d-quercitol has been discussed in a previous com. 
munication (1; It was suggested there that the hydroxy! groups 2 and 3 
are situated in the north and south polar planes, respectively, while the 
remaining hydroxyls are ranged in the equatorial belt. The results re. 
ported in this paper are, therefore, in agreement with the previously 
stated rule for the minimum steric requirements for the oxidation of ino. 
sitol isomers by Acetobacter suboxrydans; viz., that only polar hydroxy] 
groups are oxidized (1). 

It may be of interest to point out that Bertrand’s rule (6), which de- 
scribes the action of the inicroorganism on straight chain polyhydroxy com- 
pounds, would have led to the expectation that a monoketo compound 
should be formed from d-quercitol. 


EXPERIMENTAL 
Material 


d-Quercito] was a commercial preparation, melting at 239-240°,2 [a] = 
+23.9°. Acetobacter suboxydans was cultivated by the methods described 
previously (1). 


Formation of Compound IT from d-(Quercitol 


To a solution of 1.76 gm. (10.7 mm) of d-quercitol in 25 cc. of m/15 
phosphate buffer of pH 6.0 a suspension of washed Acetobacter suboxrydans 
(about 0.5 gm., dry weight) in 25 ec. of 0.9 per cent aqueous sodium chloride 
was added. The flask was attached to a graduated reservoir filled with 
oxygen and the mixture agitated with a magnetic stirrer in a room main- 
tained at 37°. The consumption of oxygen, rapid at first, ceased when 167 
cc. (about 6.7 mM) of oxygen had been taken up in 230 minutes. ‘The bac- 
teria were removed by centrifugation and filtration through infusorial earth 
and 4 cc. of phenylhydrazine in 8 ce. of 50 per cent acetic acid were added 
to the clear, yellow filtrate. The precipitate (1.45 gm.) weighed, after 
being washed with cold ethanol, 750 mg. (2.2 mM, 33 per cent of the 
theoretical yield, based on the amount of oxygen consumed) and formed pale 
yellow crystals. The bisphenylhydrazone of cyclohexane-(1 ,5)cis-6-triol- 
2,3-dione (II), after two recrystallizations from aqueous methy! cellosolve 
and boiling ethanol, melted (with decomposition) at 199-200°. The optical 
rotation in 1:1 ethanol-pyridine (¢ = 0.357, 1 = 0.5 dm., [a];? = +0.11°) 
was found as [a]? = +62°. 


Cy, sH20O3N, (340.4). Calculated. C 63.5, H 5.9, N 16.5 
Found. 66," (Dumas)-16.5 


2The melting points, reported without correction, were determined with an 
electrically heated stage (Fisher-Johns). The intact ervstals were placed on the 
stage which was preheated to about 5-7° below the melting point. 
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The various mother liquors yielded, on evaporation, red amorphous 
powders which were very soluble in alcohol. 

Absorption Spectrum—The absorption spectrum of I] (0.0288 mM solution 
in absolute ethanol) is reproduced in Fig. 1. The band at 258 my (e = 
90,900) has the same center of absorption as the corresponding bands of the 
bisphenylhydrazones derived from /- and d-inositol (1). The other two 
hands of I] at 308 my (e = 11,400) and 389 mu (e€ = 17,700) are at slightly 
lower Wave-lengths than the corresponding bands of the inositol derivatives. 


Action of Periodic Acid on Compound II 


Total Consimption—The H1IO, consumption was determined by treating 
0 ec. portions (each containing about 60 micromoles of the bisphenylhy- 
drazone in 60 per cent ethanol) with 234 micromoles of periodic acid in 0.5 
ec. of water at room temperature for 1 hour (1, 7). The excess periodic 
acid was determined with 0.1 N sodium arsenite in the usual manner. The 
average consumption (per mole of compound) of periodic acid was 2.1 
moles. 

Rate of Periodic Acid Oxidation of Compounds IIT and IV—To 10 cc. of an 
aqueous solution containing 2.18 micromoles of periodic acid and 0.5 cc. of 
4.n sulfurie acid, 0.5 micromole of the bisphenylhydrazones in 0.5 cc. of 
ethanol was added. The reaction was stopped by the addition of 2 ce. of a 
saturated solution of potassium bicarbonate and some solid potassium 
iodide. ‘The excess periodic acid was determined in the customary manner 
with 0.01 N sodium arsenite with the aid of a micrometric burette (8). The 
results are summarized in Table I. 


We are indebted to Miss R. Rother for the microanalyses. 


SUMMARY 


Following the oxidation of d-quercitol (1) by resting Acetobacter subory- 
dans, the a-bisphenylhydrazone (II) of a diketo quercitol was isolated and 
its structure determined. ‘The results show that hydroxyl groups 2 and 3 
of d-quercitol, which are situated in polar planes, were oxidized. This is in 
agreement with the previously stated rule for the minimum steric require- 
ments for the oxidation of inositols by Acetobacter suboxydans. 
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EXPERIMENTALLY INDUCED CHANGES IN THE 
PROTHROMBIN LEVEL OF THE BLOOD 


IV. THE RELATION OF VITAMIN K DEFICIENCY TO THE INTENSITY 
OF DICUMAROL ACTION AND TO THE EFFECT OF EXCESS 
VITAMIN A INTAKE; WITH A SIMPLIFIED METHOD 
FOR VITAMIN K ASSAY* 

By ARMAND J. QUICK ann MARIO STEFANINIT 
(From the Department of Biochemistry, Marquette University School of 

Medicine, Milwaukee) 


(Received for publication, June 11, 1948) 


Many problems concerning prothrombin and vitamin K require an ac- 
curate but relatively simple method for assaying the latter agent. Most 
of the early methods were crude, since they were based on the coagulation 
time which is only roughly related to the prothrombin concentration (1). 
Schoenheyder’s method (2), published in 1936, was an exception, since he 
determined the prothrombin time indirectly by comparing the amount of 
thromboplastin that had to be added to normal and to avitaminotic plasma 
to produce the same coagulation time. ‘he method is empirical and sub- 
ject to serious errors, since it does not specifically measure prothrombin. 
Nevertheless, it has in the hands of Dam and his associates yielded much 
valuable information. 

Independently, Quick (8) devised an assay method for vitamin K using 
as the basis his prothrombin time procedure. He showed that 1 per cent 
alfalfa meal added to Almquist’s diet (4) was enough to protect chicks 
from hemorrhage, but 2 per cent was required to restore completely the 
prothrombin level. Almauist and Wlose (5) later adopted the prothrombin 
time in their assay procedure but unfortunately selected as their thrombo- 
plastin chicken breast muscle which has a relatively low activity and con- 
tains clotting factors other than thromboplastin. Stamler, Tidrick, and 
Warner (6) more recently have outlined a procedure which is highly sensi- 
tive and accurate, but has the disadvantage of depending on the two-stage 
prothrombin determination which is time-consuming and _ technicaily 
difficult. 

To meet the needs for a practical and satisfactory method of assaying 
vitamin K, a study was undertaken to devise a diet consisting of constit- 
uents readily available commercially, which would obviate the need of 


* This work was supported by a grant from the Division of Research Grants and 
Fellowships of the National Institute of Health, United States Public Health Service. 
Department of Internal Medicine, University of Rome; at present, Senior Re- 
search Fellow, National Institute of Health, United States Public Health Service. 
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long laborious extraction, and to outline a procedure based on the one- 
stage prothrombin method. With the successful accomplishment of this 
task, several problems were studied: (1) the relative potency of menadione 
(2-methyl-1 ,4-naphthoquinone) and natural vitamin ky, (2) the speed with 
which prothrombin activity is restored by vitamin Kk, (3) the influence of 
vitamin K on the effectiveness of dicumarol, and (4) ihe effect of high 
vitamin A intake on the prothrombin level when a minimal maintenance 
dose of vitamin Kx is given. 


EXPERIMENTAL 


The diet which was found completely satisfactory, since it produced a 
high degree of hypoprothrombinemia in 10 days yet maintained satisfactory 
growth, consisted of casein! 20 parts, brewers’ yeast! 12 parts, ground rice 
67 parts, and salt mixture 1 part. To 100 gm. of this mixture, | ee. of cod 
liver oil (U. S. P.) was added immediately before feeding. The mixture 
was fed ad libitum. The salt mixture had the following composition: cal- 
cium carbonate 48 parts, sodium chloride 48 parts, copper sulfate 0.2 part, 
ferrous sulfate 1.4 parts, manganous sulfate 1.0 part, and potassium 
chloride 1.4 parts. 

Several varieties of chicks (white Leghorns, white Rock, ete.) were used 
with equally satisfactory results. The newly hatched chicks were placed 
in an electrically heated brooder with a wire mesh floor. The drinking 
water contained 0.1 per cent benzoic acid to inhibit growth of bacteria. 


Determination of Prothrombin Time 


Blood was collected from the wing vein with a 1 ee. syringe and a No. 27 
needle. The syringe into which 0.03 ee. of 0.1 M sodium oxalate was put 
was chilled before use. Approximately 0.3 ec. of blood was drawn and 
immediately transferred to a small test-tube tmmersed in an ice bath, and 
centrifuged. Sufficient plasma was usually obtained for two determina- 
tions. The prothrombin time was determined exactly as outlined by 
Quick (7). The thromboplastin was prepared from chicken brain dehy- 
drated with acetone. | 

The stock solutions of menadione and vitamin IX; were prepared as fol- 
lows: For menadione, 0.2 gm. of 2-methyl-1,4-naphthoquinone was dis- 
solved in 100 ce. of aleohol (1 ec. = 2mg.). For vitamin ly, 0.5 gm. of 
vitamin K (Merck) was dissolved in 100 ec. of aleohol (1 ce. = 5 mg.). 
Both solutions were protected from light and kept in a refrigerator. To 
prepare the working solution, 1 ec. of the stock solution was mixed with 
an appropriate amount of distilled water, so that the concentration was 


1 Vitamin-tested casein and brewers’ yeast obtained from Nutritional Biochem. 
cals Corporation, Cleveland, Ohio. 
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such that the desired amount to be administered to a chick was contained 
in 0.1 to 0.5 ce. On diluting the alcoholic solution of vitamin Ky, a milky 
suspension was obtained, which was frequently shaken to maintain a uni- 
form concentration. The dilute aqueous solution was given orally to the 
chick by means of a serological pipette. 


Comparison of Activity of Menadione and Natural Vitamin Ky 


To compare the relative potency of 2-methyl-1,4-naphthoquinone and 
vitamin KX;, chicks | day old were put on the vitamin K-free diet and given 
a fixed amount of the vitamin K preparation daily. It was found con- 
venient to work with five to six chicks in a group. Blood was taken on 
the 10th or llth day and analyzed for prothrombin concentration. The 
results are recorded in Table I. 

It is clear even from a casual inspection of results that the method is 
sensitive to changes of less than 0.5 y of menadione. Between 1.5 and 2 y 
per day are required to maintain a normal range of prothrombin in a chick 
during the first 10 days of life. This finding is completely in agreement 
with the report of Stamler ¢/ a/. (6). It is to be noted that there always 
appears to be good agreement between the one- and two-stage method in 
uncomplicated vitamin Ix deficiency. 

Little vitamin Kk is stored at the 2 y level, for on withdrawing the vita- 
min for 2 days a marked drop in prothrombin occurs. Interesting, but 
unexplainable, is the observation that the lower the prothrombin the less 
pronounced is the relative fall after withdrawal of the vitamin. When 
more than 2 y per day was given, storage occurred and the prothrombin 
level remained normal for several days after withdrawal of vitamin K from 
the diet. 

The minimal amount of natural vitamin Ix required to keep the pro- 
thrombin level normal is slightly more than 2.5 y. Dam, Glavind, and 
Karrer (8) in their early studies found that natural vitamin Ky was only 
one-half as potent as 2-methyl-1,4-naphthoquinone. Since the molecular 
weight of natural vitamin Ky is 2.5 times that of menadione, it appears 
that the body utilizes only the methylnaphthoquinone part of the mole- 
cule, and therefore it is logical that a 2.5:1 ratio in activity should be ob- 
served. Actually, natural vitamin Ky on a molecular basis is somewhat 
more effective than menadione, probably because it is less easily excreted 
and therefore is more completely utilized. Either natural vitamin K, or 
menadione could be employed as a standard of reference, as suggested by 
Thayer and his associates (9). 


Speed of Utilization of Vitamin K 


Dam and his associates noted that vitamin Kk, injected intravenously did 
not immediately restore the prothrombin level, but required at least 5 
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hours (10). Similar results were obtained in the present study with 2- 
methyl-1 ,4-naphthoquinone. Interestingly, a minimal effective dose is re- 
quired which is a little less than 5 y. The speed of prothrombin produe- 


TABLE I 


Relative Pot ncy of 9-Mi thyl 1.4 naphthoquinone and Natural Vitamin K, 


Prothrombin time 


Chick No 2-Methyl-1, 4-naphthoquinone daily 

0 0.5 ¥ 1.0 ¥ 1.5 + 2.0 ¥ 
Séc. Séc. séc. 

IS 14 13 11 

100 1th li 1] 

14 Is 2% 11] 

14 12 1] 

5 {5.5 25 133 1] 


Average at end of 11 


days* 66 (4); @ (8) 15 12. (@) 11 (100) 
24 20) 14 
2G 4) 19 14 
3 s 30) 1s 14 
t 24 21 14 


Average at end of 15 


days? 31 (8) | 233 (i 19} (15) 14 (40) 
Vitamin daily 
| 1.2 2.54 3.75 4 5.0 ¥ 
13 1] 113 
2 1] 1] 
4 is 1] 1] 113 
134 By 10} 
55 113 11 
Average at end ol 1] 
is (5) 15 12. (0) 11 (100) (100) 


aavs 


* The figures in parentheses are the caleulated concentrations of prothrombin in 


percent of normal 
+ No vitamin WK was a lniunistered after the 11th dav 


tion is not increased by administering larger doses. Thus, the recovery of 
prothrombin activity after the injection of 10 y of menadione was the same 
as when 5 y were given. It is to be observed (Fig. 1) that the action of 
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vitamin K is slight during the Ist hour, then becomes accelerated, and is 
complete in 4 hours. If the reaction is stoichiometric, it can be concluded 


100 
90 

< 60 

5 70 

© 60 

50 

S 

= 40 

> 30 

S 20 


Fic. 1. The prothrombin response to the intravenous injection of 2-methyl-1,4- 
naphthoquinone in a chick suffering from vitamin K deficiency. The dose injected 
wasdSy. The response was of the same order when 10 y were given. 


TABLE IT 


Counteracting Effect of 2-Methyl-1,4-naphthoquinone and Vitamin K, on Hypopro- 
thrombinemta Induced by Dicumarol 


Prothrombin time 


Dicumarol, me. per kg. bod) 


20 20 20 20 20 

2-Methyl-1,4-naphthoquinone, | 

5 | 1 

Natural vitamin Ki, micrograms. | 5 2.5 

13 | 32 25 15 45 | 35 
16 28 25 29 74 | 68 
123 36 20 +4 SO | 87 
113 44 27 39 95 | oo 
Average*..............| 13 34 (7)! 26 (10)} 43 74 (4) 

i 


*The figures in parentheses represent the concentration of prothrombin in per 
cent of normal. 


that the prothrombin in 1 ce. of blood requires approximately 1 y of the 
methylnaphthoquinone radical. 
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Influence of Vitamin K on Action of Dicumarol 


Considerable evidence has been obtained from animal and clinical studies 
that both natural and synthetic vitamin K counteract the action of dj- 
ecumarol (11). By using chicks on a controlled diet, the action of dicumaro] 
‘an be satisfactorily studied in relation to vitamin Kk. 

From the results recorded in Table IT it can be seen that chicks on a 
Vitamin Ix-free diet are more susceptible to the action of dicumarol than 


TaBLeE III 


Influence of Hupervitaminosis A on Prothrombin Level of Chicks Maintained on 
Controlled Tniake 


Prothrombin time 


Chick No. Vitamin A units daily Remarks 
50,900 30,000 20,000 10,000 
SOC. S@c. SEC. $6C. S@C. 
| 103 1] 1-4 123 Keach chick re- 
2 124 1] ceived 1.5 2. 
3 103 113 113 12 10% methyl - 1,4- 
1} 12 123 193 naphthoquin- 
5 1] 104 1] 11 13 one daily 
Average” 10} (100) 103 (100) 12 (60) 114 (70) (ap) 
] 14 19 13 12} 24 Each chick re- 
2 13 12 12 18 ceived 2.5 ¥ 
3 15 | 15 123 1S 20) vitamin Kk, 
14 20 19 15 daily 
17 133 133 13 14 


Average*. 153 (28) 143 (35) 14 (40) 16 (25) 15}: (28) 


* The figures in parentheses represent the concentration of prothrombin in per 


cent of normal. 


those receiving either the natural or synthetic vitamin. Surprisingly, how- 
ever, even with the large dose of dicumarol, 20 mg. per kilo of body weight, 
the prothrombin decrease is not greater than in dogs on a normal diet and 
receiving a smaller dose of dicumarol. The resistance of hens to dicumarol 
has been noted previously (12). The larger the dose of 2-methyl- 
| ,4-naphthoquinone, the less marked the hypoprothrombinemia from di- 
cumarol. There appears to be no marked difference between the effective 
ness of menadione and natural vitamin Kk, in counteracting the action 


of dicumarol in chicks. 
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Effectiveness of Vitamin K When an Excessive Amount of Vitamin A 
Is Administered 


Light, Alscher, and Frey (12) observed that when rats were fed large 
doses of Vitamin A (35,000 to 40,000 units per day) a marked fall in pro- 
thrombin occurred which could be prevented by administering natural 
vitamin IXy. ‘These results have been confirmed by Walker, Eylenburg, 
and Moore (13), who found synthetic vitamin Kk, likewise counteracted 
the hypoprothrombinemic effect of vitamin A. Maddock, Wolbach, and 
Jensen also have reported on hypoprothrombinemia following hyper- 
vitaminosis A (14). 

The action of vitamin A in producing hypoprothrombinemia is not under- 
stood. Whether it inhibits the synthesis of vitamin IK by the intestinal 
flora or interferes in the absorption or utiliz.uion of vitamin K cannot be 
determined by using rats which normally depend on bacterial action for 
part of their vitamin Ik requirement. By employing chicks on a vitamin 
K-free diet and giving them a daily amount of vitamin IK which is slightly 
less than the dose needed to maintain the prothrombin level normal, the 
effect of excessive doses of vitamin A can readily be determined. It will 
be observed (Table III) that even large doses of vitamin A had no demon- 
strable effect on the prothrombin time. In the chick, therefore, vitamin A 
does not interfere either with the absorption or utilization of vitamin K. 
Since the chick isdependent entirely on the fixed amount of the subnormal 
dose of vitamin Ix administered, any action of vitamin A would readily be 
reflected in the prothrombin level. Thus it seems probable that the hypo- 
prothrombinemic action of vitamin A in the rat is likely to be due to its 
interference in the synthesis of vitamin Kk by the intestinal flora. 


SUMMARY 


1. A simple vitamin K-free diet which produces a marked hypopro- 
thrombinemia in newly hatched chicks is described. 

2. A method for vitamin K assay is outlined. 

3. It was found that 1.5 to 2 y of 2-methyl-1,4-naphthoquinone or a 
little more than 2.5 y of natural vitamin IX; per day are required to main- 
tain the prothrombin level of a chick during the first 10 days of life. 

4. On injecting menadione intravenously into markedly deficient chicks, 
the prothrombin activity returns slowly at first, then progressively more 
rapidly, and becomes normal after 4 hours. The size of dose beyond the 
minimal effective dose does not influence the speed of recovery of pro- 
thrombin activity. 

9. The susceptibility of the chick to the action of dicumarol is increased 
by removal of vitamin K from the diet. Addition of vitamin K counter- 
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acts the hypoprothrombinemic effect of dicumarol. No marked difference 
in effectiveness between natural vitamin kk; and menadione could be 
demonstrated. 

6. Excessive intake of vitamin A, which causes a hypoprothrombinemig 
in rats, has no effect on the prothrombin level of chicks receiving syn- 
thetic or natural vitamin K, in doses slightly less than that required for 
maintaining the prothrombin concentration completely normal. 
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STUDIES ON THE POSSIBLE MULTIPLE NATURE 
OF DEHYDROPEPTIDASE I 


By JESSE P. GREENSTEIN, VINCENT E. PRICE, anp 
FLORENCE M. LEUTHARDT 
(From the National Cancer Institute, National Institute of Health, Bethesda, 
Maryland) 


(Received for publication, June 8, 1948) 


Dehydropeptidase I is the designation which has been given the enzyme 
in animal and plant tissues which hydrolyzes glycyldehydroalanine (1-4). 
A purified preparation of an enzyme with a high activity toward this sub- 
strate has been obtained by Shack from beef kidney.' Inasmuch as glycyl- 
dehydrophenylalanine and pi-alanyldehydroalanine are also hydrolyzed by 
tissue extracts (3) and by the purified enzyme,! the problem arises as to 
whether all three substrates are hydrolyzed by the same enzyme whose 
basic specificity requirements involve an e-nitrogen atom adjacent to the 
dehydropeptide bond. 

The present communication describes certain experiments which bear on 
this problem, and includes the synthesis of certain new dehydropeptides, 


EXPERIMENTAL 


pi-Alanyldehydrophenylalanine was prepared by the general procedure 
developed by Bergmann and coworkers (5), which involves the hydrolysis 
of the azlactone formed from a-chloroacylated phenylserine. The N- 
methyl derivatives of alanyldehydrophenylalanine and of glyeyldehydro- 
phenylalanine were prepared by treating the respective chloro derivatives 
with cold methylamine. A low temperature was employed to avoid the 
possibility of addition of methylamine to the double bond of the dehydro- 
peptide (4). 

dl-Chloropropronylphenylserine— dl-Chloropropionyl chloride pre- 
pared by treating 100 gm. of d/-chloropropionic acid with 200 gm. of thionyl 
chloride. The mixture was boiled for 3 hours under a reflux condenser with 
careful exclusion of moisture. At the end of this period the mixture was 
fractionated by distillation im vacuo, and that fraction taken which boiled 
at 40-45° under 25 mm. pressure. 

100 gm. of phenylserine were dissolved in 250 ec. of chilled 2 N NaOH, 
and with further chilling 76 gm. of d/-chloropropiony! chloride and 400 ce. of 
2N NaOH were added alternately and with shaking. At the end of the re- 
action, concentrated HCl] was slowly added to the mixture to pH 2.0. A 


Shack, J., personal communication. 
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dense white oil appeared which rapidly hardened to a granular mass. The 
product was washed at the pump several times with cold water, and crys. 
tallized from 60 per cent alcohol in the form of stout prisms. The yield 
was 68 gm., and the material melted sharply at 161°. 


CyoH,,O4NCI. Calculated, N 5.2, Cl 13.1; found, N 5.3, Cl 13.1 


dl-Chloropropionyldehydrophenylalanine—50 gm. of recrystallized and 
thoroughly dried chloropropionylphenylserine were suspended in 500 ee. of 
acetic anhydride and the mixture kept in a boiling water bath for 3 hours, 
After about 4} hour complete solution had occurred, and with further heat- 
ing the color changed from yellow to a brownish red. The solution was 
cooled, and with careful exclusion of moisture evaporated in vacuo to a thick 
red syrup. No crystals of the azlactone appeared after several hours of 
chilling, and therefore the entire syrupy mass was subjected to a hydro- 
lytic procedure without purification. The syrup was taken up in 250 ee. 
of acetone, treated with 125 ec. of water, and the turbid mixture boiled 
under the reflux for 2 hours. After 1 hour of boiling, a clear, red solution 
resulted. The solution was cooled and extracted twice with ligroin. Much 
of the color went into the ligroin laver, and the product crystallized quickly 
from the aqueous layer. The product was filtered off and washed several 
times with water. It was recrystallized from acetone and appeared in 
tufts of long needJes. The crystalline material was filtered at the pump 
and washed with dry ether, which served to remove the last trace of color. 
The vield was 20 gm., and the melting point was 207°. 


C,2eH,-OsNCI. Calculated, N 5.6, Cl 14.0; found, N 5.7, Cl 13.7 


pL-Alanyldehydrophenylalanine—10 gm. ot pu-chloropropionyldehydro- 
phenylalanine were dissolved in 100 cc. of ammonia water which had been 
saturated at 5°. After standing for 3 days at 25°, the solution was evapo- 
rated in vacuo to dryness, the product dissolved in the minimum amount 
of hot water, and the hot aqueous solution filtered and treated with an 
excess of hot absolute alcohol. On chilling for several hours, the dehydro- 
peptide crystallized in the form of long needles. The yield was 4 gm. The 
compound began to darken at 200°, but did not melt up to 230°. 


C,H, OsN:. Calculated. .C 61.5,H 5.9, N 11.9 
Found. 


gm. of pi-chloropropionyl- 
dehydrophenylalanine were dissolved in 100 ec. of chilled 25 per cent meth- 
ylamine solution in water, and the mixture kept at 5° for 3 days. The 
mixture was evaporated in vacuo to dryness, the product dissolved in the 
minimum amount of hot water, and the hot aqueous solution filtered and 
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treated with an excess of hot absolute alcohol. The product appeared 
very slowly on chilling and separated after several days in the form of long 
needles. After the mother liquor was worked up and the fractions com- 
bined, the yield was3 gm. The melting point was 200° with decomposition. 
CisH0;N>. Calculated. C 62.9, H 6.4, N 11.3 
Found. 


N-Methylalycyldchydrophenylalanine—This compound was obtained by 
the same procedure as methylalanyldehydrophenylalanine, except that 
chloroacetyldehydrophenylalanine (6) was employed. From 10 gm. of 
starting material, 2.5 gm. of reerystallized product in the form of needles 
were obtained. The melting point was 185° with decomposition. 

C,.H,,O3;N:. Caleulated. C 61.5, H 5.9, N 11.9 
Found. 61.5. 6.0, 11.9 

gm. of pi-alanyldehydroalanine 
(3) were dissolved in 20 ce. of chilled 2 N NaOH and with further chilling 
treated alternately in small portions with 5 gm. of chloroacety] chloride and 
30 ec, of 2N NaOH. At the end of the reaction, the mixture was acidified 
with 5 N HCl to a Congo blue reaction and evaporated in vacuo to approxi- 
mately half the volume. The product separated on chilling. It was re- 
crystallized from hot water; m.p. 182°. There was no evidence of crystal 
water. 


C.H,,;0;N2Cl. Calculated. C 40.9, H 4.7, N 11.9, Cl 15.1 


Chloroacctylglycyldehydroalanine and Glycylglyeyldehydroalanine (Cor- 
rection)— The synthesis and enzymatic susceptibility of these compounds 
have been reported (4). Because of certain inconsistencies which developed 
later as a result of the use of new substrates, it was decided to reexamine 
our earlier material. We noted that the compound referred to as chloro- 
acetylelycyldehydroalanine was contaminated with glycyldehydroalanine 
hydrochloride, which renders invalid the enzymatic data obtained, as well 
as the subsequent amination procedure. We are unable to explain the 
manner of this contamination, which is unique in our experience. Reex- 
amination of all of our other chloroacylated dehydropeptides failed to re- 
veal any admixture with the hydrochloride of the starting material, or, for 
that matter, with any significant amount of impurity. Careful repetition 
of the synthesis described (4) yielded a product which, after recrystallization 
from water as long prisms, showed no presence of inorganic chloride. M.p. 
163° with decomposition. 


Caleulated. N 1 
Found. 
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Amination in the manner described (4) led to the preparation of glyeyl- 
glycyldehydroalanine which appeared from water-alcohol mixtures as flat 
prisms. M.p. 214° with decomposition. 


C;H,,O.N;:. Caleulated. C 41.8, H 5.5, N 20.9 


Other Substrates—Chloroacetylglycyldehydrophenylalanine and _glyeyl- 
glycyldehydrophenylalanine were prepared by the method of Bergmann 
and Schleich (6). The melting point of the former compound was 210°: 
that of the latter was 216° with decomposition. The preparation of the 
other dehydropeptides has been described (1-4). All substrates were stable 
in water and in the presence of boiled tissue preparations. 

Ultraviolet Absorption Spectra of Dehydropeptides —“Vhe absorption curves 
of alanyldehydrophenylalanine, methylalanvidehyvdrophenylalanine, and 
methylglyeyldehydrophenylalanine are practically congruent with each 
other and with those of the dehydrophenylalany! peptides reported earlier 
(3). For all compounds of this class, there is a characteristic absorption 
with a maximum at 2750 A. Vhe molar extinction coefficient at this wave- 
length is 14,900 for the three compounds dissolved in water. For chloro- 
propionyldehydrophenylalanine and chloroacetylglyeyldehydrophenylala- 
nine brought into aqueous solution at pH 7.2 by addition ot dilute NaQH, 
the molar extinction coefficient is 15,220, while for glycylglveyldehydro- 
phenylalanine it is 14,400. 

The absorption curves for chloroacetylalanyldehydroalanine, chloro- 
acet yiglyevldehydroalanine, and glycylglyeyldehydroalanine are practically 
congruent with those for chloroacetyldehydroalanine and glyeyldehydro- 
alanine (3), with a maximum at 2400 A anda molar extinction coefheient 
of 6100. 

Enzymatic Hydrolysis of Substrates—The hydrolysis ot the dehydropep- 
tides (1-4) was measured as heretofore by the rate of appearance of am- 
monia N at 37° above the controls. The digests consisted of 1 cc. of freshly 
prepared aqueous rat tissue extract plus 2 ce. of 0.15 M borate buffer at 
pH 8.1, plus 1 ec. of either water or 0.025 mM substrate solution (0.05 M in 
the case of racemic substrates). The activity is expressed as micromoles 
x 10 substrate hydrolyzed per hour per mg. of total N in the extract. 
Since 1 atom of ammonia N is derived from the hydrolysis of one dehydro- 
peptide bond, the data refer directly to the splitting of the substrate. The 
ammonia measured in digests of the pL-alanyl dehydropeptides is not de- 
rived from oxidase activity, since identical results were obtained under 
anaerobie and aerobic conditions. No digestion lasted longer than 2 hours, 
and most were | hour or less in duration. All solutions of chloroacylated 
substrates were brought to pH 7.0 with dilute NaOH before use. 


at 
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The tissues were freshly removed from rats sacrificed by decapitation. 
Several hepatoma samples, donated by Dr. J. White, were used. These 
were primary tumors, obtained from Osborne-Mendel rats as a result of 
feeding p-dimethylaminoazobenzene. Necrotic areas of the tumor were 
carefully dissected and discarded. Values obtained with different samples 


TABLE I 


Ienzymatic Hydrolysis of Various De huydrope ptides 


Micromoles X 10 substrate hydrolyzed per hr. per 
mg. N with 


Kidney* Spleen Brain Liver MePa- 
Glyeyldehydro: alanine 1620 530 331 72 380 
\-Methylglyevidehydroalaninet SOO 280 166 30 25 10 
| 0) | () 0 0 0 
Chloroacet yl-N-methvlgl vevldehydro- | | | 
alanine | 0 0 0) 0 
Glyeylglyeyldehydroalanine |... ..| 1040 | 400; 210; 30; 22 | 156 
pi-Alanyldehydroalanine..... 1350 722, 410; 220; 52 | 1250 
$5; 63 30 26 21 
Glyevyidehvdrophenylalanine 920 | 132 23 12 
Glyeylglycyldehydrophenylalanine {12 SS 30 0; 12 0 
pt-Alanyldehydrophenylalaninet 220 32 14 0 
| | 


* is not hydrolyzed. 
+ These compounds are hydrolyzed by the purified dehydropeptidase preparation 
from beef kidney, with rate values of 2600 to 4800 micromoles of substrate hydrolyzed 


per hour per mg. of nitrogen. 

t Unlike alanyvildehydroalanine (3), this substrate is not hydrolyzed by human 
serum, or by the purified dehydropeptidase I preparation from beef kidney (see foot- 
note 1 in the text). 


of the tumor agreed within 20 per cent. A few experiments were made 
with a purified dehydropeptidase I preparation donated by Dr. Shack. 

Data on the various substrates are given in Table I, and, to facilitate 
comparison, earlier data on glycyldehydroalanine, glycyldehydropheny]l- 
alanine, and alanyldehydroalanine in normal tissues (8, 4) are included. 

Certain facts emerge from the data obtained so far. (a) The peptides of 
dehydroalanine are generally more susceptible substrates than the peptides 
of dehydrophenylalanine. Chloroacetylation of glyeyldehydroalanine 
or glyeyldehydrophenylalanine removes the susceptibility of these com- 
pounds to dehydropeptidase action but not that of pi-alanyldehydroala- 
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nine.? (c) Amination of the chloroacetylglycine dehydropeptides restores 
the enzymatic susceptibility, as in glycylglycyldehydroalanine and glycyl- 
glycyldehydrophenylalanine.? (d) The N-methylated dehydropeptides are 
generally hydrolyzed at a slower rate than the unsubstituted parent com. 
pounds. (e) When rat liver becomes cancerous, 7.¢. is transformed into a 
hepatoma, the rate of hydrolysis of glycyldehydroalanine increases some 6 
fold, that of alanyldehydroalanine increases some 20-fold, while that of N- 


| 
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oT 
5 6 7 8 9 10 
pH 


Fic. 1. pH-activity eurves for chloroacetyldehydroalanine (@) and glyeyldehy 
droalanine (™) in rat liver extracts, and glycyldehvdroalanine (X) in rat hepatoma 
extracts. Extract concentrations were suitably prepared. Buffers below pH 8.0 
were veronal-acetate; above pH 8.0, glycine-NaQH. 


methylglycyldehydroalanine decreases and that of all of the peptides of 
dehydrophenylalanine practically disappears (a property shared by brain; 
Table I). The high level of activity toward certain aliphatie dehydro- 


? The explanation for the enzymatic resistance of chloroacetylglyeine dehydropep- 
tides and the susceptibility of glyeylglycine dehydropeptides and of ehloroacetyl- 
pL-alanvildehydroalanine may be connected, on the one hand, with the absence in 
tissue extracts of an enzyme capable of hydrolyzing the peptide bond between chiloro- 
acetic acid and glycine, and, on the other hand, with the presence in such tissue 
extracts of active enzymes capable of rapidly hydrolyzing glyeylglycine and chloro- 
acetyl-pL-alanine. The hvdrolysis of glveylglyevldehydroalanine and of glyeyl- 
glycyldehydrophenylalanine at the dehydropeptide bond is accompanied by hydroly- 
sis of the saturated peptide bond (cf. also (6)). The relation of the peptidases and the 
dehydropeptidases will be the subject of a future communication by the authors 


(cf. (9). 


| | 
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peptides is noted not only in the rat hepatoma but in all tumors studied 
(cf. (2, 7)).? 

Susceptibility of Dehydropeptides As Function of pH—The pH at which 
maximum hydrolysis of glycyldehydroalanine! and glycyldehydrophenyl- 
alanine (8) occurs with purified kidney preparations is 8.0, whereas that of 
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Fic. 2. pH-activity curves for pL-alanyldehydroalanine (X) and for chloroacetyl- 
pL-alanyldehydroalanine (@) in rat liver digests. 0.050 mM concentration of sub- 
strates was used 


chloroacetyldehydroalanine is at 9.0. Substantially similar pH-activity 
curves, respectively, have been obtained for glyeyldehydroalanine and 


®We have investigated a wide variety of primary and transplanted tumors in 
experimental animals, including mammary adenocarcinomas, fibrosarcomas, mela- 
nomas, and epithellomas, and invariably noted the ability of these tissues to hydro- 
lyze alanyl dehvdroalanine at a rate approximating that of the normal kidney but no 
apparent ability to attack peptides of dehydrophenylalanine. Although our obser- 
vations have been limited so far to tumors in laboratory animals, we are inclined to 
believe that the extraordinary ability of such tumors to hydrolyze alanyldehydroala- 
nine at a rate close to that of the most active normal tissue is as characteristic a 
property of cancer tissues as are their glycolytic behavior and low oxidase activity. 
These findings will be discussed in detail elsewhere. 
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chloroacetyldehydroalanine when incubated with rat liver extracts (Fig. 1), 
The optimum susceptibility of glyeyldehydroalanine in hepatoma digests 
is the same as in normal liver digests. The pH-activity curve of pL-alanyl- 
dehydroalanine resembles that of glyeyldehydroalanine and glycyldehydro- 
phenylalanine (relatively sharp optimum at pH 8.0), whereas the curve for 
chloroacetyl-pL-alanyldehydroalanine resembles that of chloroacetyldehy- 
droalanine (maximum at pH 9.0) (Fig. 2). 

The pH-activity curves in Fig. 3, performed with rat kidney extracts, 
reveal an optimum at pH 8.0 for glyevlglyeyvldehydroalanine, pi-alanyl- 
dehydrophenylalanine, and N 


Oo 
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Fic. 3. pH-activity curves in rat kidney digest of methvlglyeyldehydrophenyl- 
alanine (O), (X), 
alanine methylglycyldehydroalanine (@), 
(9), and glyeyviglyevidehydroalanine (A). 


methylglycyldehydroalanine, and an optimum at pH 8.8 for glycylglycyl- 
dehydrophenylalanine and N-methylglycyldehydrophenylalanine. 

The position of the various pH-activity curves in Figs. 1 to 3 does not 
reflect the relative susceptibility of the substrates, for the extracts in each 
case were suitably diluted so that initial reaction rates were obtained over 
the pH range studied. 

DISCUSSION 
The pH-activity curves describing the susceptibility of the dehydropep- 


tides appear to fall into three more or less characteristic groups: (a) those 
with a relatively sharp optimum at pH 8.0, including glycyldehydroalanine, 
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methylglycyldehydroalanine, glycyldehydrophenylalanine, alanyldehydro- 
alanine, glycylglycyldehydroalanine, alanyldehydrophenylalanine, and 
methylalanyldehydrophenylalanine; ()) those with a relatively broad zone 
between pH 6 and 8.8, with an optimum at pH 8.8, including glyeylglyeyl- 
dehydrophenylalanine and methylglycyldehydrophenylalanine; and (c) 
those with a relatively broad zone between pH 7 and 9, with an optimum 
at pH 9.0, including chloroacet yldehydroalanine and chloroacetylalanylde- 
hydroalanine (Figs. 1 to 3). 

It does not appear entirely probable that glycylglyeyldehydropheny!l- 
alanine is hydrolyzed by the same enzyme system as is glycylglyeyldehydro- 
alanine, nor methylglycyldehydrophenylalanine by the same system which 
hydrolyzes methylglyeyldehydroalanine. 

The first indication that the enzymes concerned with the hydrolysis of 
glycyldehydroalanine and glycyldehydrophenylalanine may be different is 
derived from the observation that Shack’s preparation of dehydropepti- 
dase IT possesses a smal! but definite capacity to hydrolyze the former sub- 
strate but no capacity to hydrolyze the latter substrate. 

Perhaps the most striking distinction in the enzymatic actions studied is 
illustrated by the differences in hydrolysis of the substrates in liver and in 
hepatoma (Table 1). The marked divergence in susceptibility of the sub- 
strates as a result of the malignant transformation of the liver appears to 
set off (a) the enzyme systems which act on the aliphatic from those which 
act on the aromatic dehydropeptides, and (6) the system or systems which 
act upon N-methylated glyeyldehydroalanine from those which act upon 
the unsubstituted parent compound. In suggesting that these systems are 
distributed differently in liver and hepatoma, the tacit assumption is made 
that the enzyme which attacks glyeyldehydroalanine in liver, for example, 
is qualitatively the same as that which attacks this substrate in the 
hepatoma (ef. Fig. 1). 

From the present evidence, therefore, it would appear that the number 
of dehydropeptidases may be more than the two designated as I and II 
respectively (1-3). For convenience and consistency, the designations of 
dehydropeptidase I and II have been retained, I referring to a possible 
series of enzymes which attack dehydropeptides containing a nitrogen atom 
in the @ position to the dehydropeptide bond, II referring to the enzyme 
or enzymes which attack dehydropeptides lacking the a-nitrogen atom (4). 
On this basis, dehydropeptidase | may be subdivided into activities con- 
cerned (a) with glyeyldehydroalanine, (>) with alanyldehydroalanine, (c) 
with dipeptides of dehydrophenylalanine, and (d) with N-methylamino de- 
hydropeptides. These four categories of substrates are all hydrolyzed by 
the purified enzyme preparation of Shack.'! Since this preparation is par- 
tieulate in nature, further fractionation might conceivably be difficult. 
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The difference in the pH-activity curves for methylglycyldehydroalanine 
and for methylglycyldehydrophenylalanine (Fig. 3) suggests that perhaps 
(d) may be further subdivided. For the time being, the distribution in 
various tissue preparations of the capacity to hydrolyze these four main 
categories of dehydropeptides remains the chief clue to the possible multiple 
nature of dehydropeptidase I. 


SUMMARY 


pL-Alanyldehydrophenylalanine, 
nine, N-methylglycyldehydrophenylalanine, chloroacetyl-pL-alanyldehy- 
droalanine, chloroacetylglycyidehydroalanine, and glyevlglycyldehydro- 
alanine were synthesized, and together with other dehydropeptides 
previously described investigated in digests with various rat tissues. 

Although chloroacetylalanyldehydroalanine is hydrolyzed by all tissues 
studied, chloroacetylglycyldehydroalanine and chloroacetylglycyldehydro- 
phenylalanine are resistant. Amination of the last two compounds to the 
corresponding glycyl derivatives restores susceptibility to enzymatic action, 
N-Methylated dehydropeptides are hydrolyzed at a slower rate than the 
parent, unsubstituted compounds. 

The rates of hydrolysis of glycyldehydroalanine and of alanyldehydro- 
alanine by the rat hepatoma are, respectively, about 6-fold and 20-fold 
that of normal liver. Neither hepatoma nor brain appears to have any 
capacity to hydrolyze peptides of dehydrophenylalanine. The capacity of 
liver to hydrolyze N-methylglycyldehydroalanine diminishes when this 
tissue becomes neoplastic. 

The pH-activity functions of the various dehydropeptides in digests of 
rat liver and kidney were determined and appeared to involve roughly 
three categories of substrates with optimum susceptibilities at pH] 8.0, 8.8, 
and 9.0. 

The possible multiple nature of dehydropeptidase I is discussed. 
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DERIVATIVES OF a,a-DI(GLYCYLAMINO)PROPIONIC ACID 
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a,a-Di(glycylamino)propionie acid hydrochloride, (NHsCH2zCONH).C- 
(CH;)COOH- HCl, is enzymatically hydrolyzed in aqueous extracts of rat 
kidney to yield, as a maximum, | mole of ammonia and | mole of pyruvic 
acid per mole of substrate (1). a-(dl-Chloropropionylamino)-a-(pL-alanyl- 
amino)propionic acid and @,a-di(pL-alanylamino)propionic acid hydrochlo- 
ride are also hydrolyzed by rat kidney, the former substrate yielding a molar 
ratio of ammonia to pyruvic acid close to unity, the latter a ratio close to 
1.6 (2). On the other hand, a,a-di(acetamino)propionie acid, a,a-di(chlo- 
roacetylamino)propionic acid, and a,a-di(d/-chloropropionylamino)pro- 
pionic acid are completely resistant (1, 2). 

Investigations on this novel class of substances have been carried further 
by observing whether there is any relation between the integrity of the 
a-amino groups of di(glycylamino)propionic acid and susceptibility to en- 
zymatic attack by a variety of rat tissues. Several new derivatives of di- 
(glveylamino)propionic acid have been synthesized. 


EXPERIMENTAL 


a,a-Di(N-methylglycylamino) propionie Acid Hydrochloride—10 gm. of 
a,a-di(chloroacetylamino)propionic acid (1) were dissolved in 100 ce. of a 
25 per cent aqueous solution of methylamine, und the solution kept at 40° 
for 2 days. On evaporation im vacuo a yellow oil was obtained, which, on 
being shaken with absolute alcohol for several hours, yielded a mass of fine 
white crystals. The material was filtered at the pump, dissolved in hot 
water, and recrystallized by the cautious addition of hot alcohol. The 
product crystallized in tufts of long needles. M.p. 215° with decomposi- 
fion; yield 3.5 gm. 


CyH,s0O,.N,- HCl. Calculated. C 38.2, H 6.8, N 19.8, Cl Gonic) 12.5 

a,a-Di(N-dimethylglycylamino) propionic Acid Hydrochloride—The prep- 
aration of this product followed essentially the same procedure as that de- 
scribed for the monomethyl! derivative above, except that a 25 per cent 
aqueous solution of dimethylamine was employed. The product crystal- 
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lized in the torm of long needles. M.p. 219° with decomposition; yield 


5.2 gm. 


HCI. Calculated. C 42.5, H 4, N 18 O, (ionic) 11.4 
Found. “418 H73,17.7, “ ie 


a ,a-Di(chloroacetylglycylamino) propionic Acid—20 gm. of a,a-di(glycyl- 
amino)propionie acid hydrochloride (1) were dissolved in 100 cc. of chilled 
2 NaOH and, with further cooling, treated alternately and with shaking 
with 30 gm. of chloroacetyl chloride and 200 ec. of 2N NaOH. At the end 
of the reaction the mixture was treated with 5 N HCI to pH 2.0, filtered, 
and evaporated in vacuo to dryness. The residue was extracted with hot 
acetone and filtered. To the cooled filtrate ethyl acetate was added drop- 
wise. The first oily precipitate was discarded, and with further addition 
of ethyl acetate a yellowish, granular precipitate appeared. ‘The material 
was filtered off and washed several times with dry ether, which removed 
the last traces of color. The product was redissolved in acetone and treated 
again with ethyl acetate. Repetition of this procedure yielded 12 gm. of 
a white, powdery product which possessed no definite erystal form; m.p. 98°. 


CyuHwOsN .Cl.. Calculated. C 35.6, H 4.3, N15:1, Cl 19.1 


a,a-Di(glycylqlycylamino) propionic Acid Hydrochloride--2 gm. of di- 
(chloroacetylglycylamino)propionie acid were dissolved in 40 ce. of 28 per 
eent ammonia and kept in a sealed flask for 36 hours at 40°. At the end 
of this period the solution was evaporated at 20° to dryness, and the residue 
washed several times with aleohol to remove ammonium chloride. The 
compound was then taken up several times in the minimum amount of 
water and precipitated each time with an excess of absolute alcohol. A 
white powder was finally obtained which had no definite crystal form. 
Yield 1.1 gm.; m.p. 164° with decomposition. 


HCl. Calculated. N 22.7, Cl (ionic) 9.6 
Found. 


The enzymatic susceptibility of the di(acylamino)propionic acids was 
tested in the manner described (1, 2). All substrates were stable in aque- 
ous solution and in the presence of boiled tissue preparations. The digests 
consisted of 1 cc. of freshly prepared aqueous rat tissue extract, 2 ec. of 0.15 
M borate buffer at pH 8.1, and 1 ce. of either water or 0.025 mM substrate 
solution. The extracts were prepared by grinding the tissues with clean 
sand and homogenizing with distilled water, followed by light centrifuga- 
tion. The rate at which ammonia and pyruvic acid appeared over that 
of the controls, during the period when such a rate was nearly linear, was 
taken as a measure of enzymatic activity. 1 mole of ammonia appeared 
per mole of substrate hydrolyzed (1). The temperature of digestion was 
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37°. Solutions of di(chloroacetylglycylamino)propionic acid were brought 
to pH 7.0 with dilute NaOH before addition to the digests. The data are 
given in Table I. 


DISCUSSION 


Di(glycylamino)propionie acid, in effect, may be considered as glycylde- 
hydroalanine to which a mole of glycinamide has been added at the double 
bond (1). For this reason, and because the participation of dehydropepti- 
dase has been suspected in the enzymatic degradation of the di(acylamino)- 
propionic acids (1, 2), a comparison of the susceptibility of analogously 


TABLE 
Enzymatic Hydrolysis of Di(glycylamino) propionic Acid and Derivatives in Rat 
Tissue Extracts 


_ Micromoles X 10 ammonia N evolved per hr. per 
mg. total N in extract of 


Substrate | 
Kidney, | Spleen | Brain | Liver | Hepa: 
| creas | | toma 
a, a-Di(glyeylamino)propionie acidt 2 5 
a,a-Di(N-methylglycylamino)propionic 24 , 8 | 8 | 0 
acid T | | 
| | O 0 0 
acid | | | 
a,a-Di(chloroacetylglyeylamino)propionic O , O | O 0 0 
acid | : | | 
a,a-Di(glyeylglyeyvlamino) propionic acid | 46. | 2 | 2 


* Primary tumors ‘induced in Osborne-Mendel rats by feeding p-dimethylamino- 
azobenzene; donated by Dr. J. White. 

t Pyruvic acid determined in the digests as heretofore (1) was practically equi- 
molar with the ammonia evolved. 


constituted dehydropeptides of alanine and di(acylamino)propionic acids 
is of interest (3). 

For both dehydropeptides and di(acylamino)propionie acids, the most 
active normal tissue is kidney, followed in descending order by pancreas, 
spleen, brain, and liver. The susceptibility of both glyeyldehydroalanine 
and di(glycylamino)propionic acid is higher in extracts of the hepatoma 
than in those of normal liver. The susceptibility in normal tissue extracts 
of both N-methylglycyldehydroalanine and di(N-methylglycylamino)pro- 
pionic acid is roughly half that of their respective unsubstituted parent 
compounds, while in the hepatoma extract the susceptibility of the N- 
methylated compounds practically vanishes. No comparison can be made 
of the N-dimethyl analogues because of the failure to synthesize N-di- 
methylglycyldehydroalanine (4). Like chloroacetylglycyldehydroalanine, 
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di(chloroacetylglycylamino)propionic acid is not apparently enzymatically 
hydrolyzed. When, however, both compounds are aminated, to form the 
respective glycylglycyl derivatives, the latter are again enzymatically sus- 
ceptible. These findings may be related to the absence in tissues of an 
enzyme capable of hydrolyzing the bond between chloroacetic acid and 
glycine and to the presence of a peptidase which rapidly hydrolyzes the 
bond in glycylglycine (cf. (3)). 

The enzymatic hydrolysis of di(glycylamino)propionic acid has been con- 
sidered to involve either one or perhaps both of the following mechanisms 
(1): (a) an initial enzymatic hydrolysis at one of the two glycylamino link- 
ages, leading to the formation of glycine and the unstable a-amino-a-glycyl- 
aminopropionic acid which spontaneously decomposes to ammonia, glycin.. 
amide, and pyruvic acid, or (}) an initial attack at the bond between a 
glycylamino residue and the tertiary carbon atom, leading to the formation 
of glycinamide and glycyldehydroalanine, the latter being subsequently 
hydrolyzed by dehydropeptidase to glycine, ammonia, and pyruvic acid) 
The end-products of the hydrolysis are presumably the same by either 
mechanism. ‘The similarity in susceptibility of analogously constituted de- 
hydropeptides and di(glycylamino)propionic acid derivatives in normal 
tissues and in the hepatoma appears to support mechanism ()), but this 
similarity, although interesting, may possibly be deceptive. Studies of 
variously constituted substrates with different tissues are capable of pro- 
viding some illumination but are not decisive. It appears highly reasonable 
that the hydrolysis of the di(acylamino)propionic acids occurs in two con- 
secutive steps, and that the initial reaction requires in the susceptible sub- 
strate a basic a-nitrogen atom to which at least 1 hydrogen atom is at- 
tached. The problem concerned with the course of this hydrolysis will be 
solved when both steps are separated and individually characterized. 
Work in this direction is being pursued by parallel studies on saturated 
peptides with purified tissue fractions. 


SUMMARY 


a,a-Di(N-methylglyecylamino)propionie acid hydrochloride, a,a-di(N- 
dimethylglycylamino)propionic acid hydrochloride, @,a-di(chloroacetyl- 


1 Using the ninhydrin-CQO, procedure of following peptide hydrolysis (5), we have 
noted an appreciable rate of hydrolysis of glycylaminoisobutyric acid in rat kidney 
digests. In terms of micromoles X 10 of substrate hydrolyzed per hour per mg. of N 
in the extract, the rate is 620. This compound, N H2CHeCON HC(CH3)2COOH, 
whose structural analogy to di(glyeylamino)propionic acid may be’ noted, is hydro- 
lyzed almost exclusively at the peptide bond. No ammonia is evolved in kidney 
digests of glycylaminoisobutyric acid (6). In calculating the rate of hydrolysis of 
glycylaminoisobutyric acid, cognizance must be taken of the fact that aminoisobu- 
tyric acid itself contributes about 12 per cent to the total carbon dioxide evolved on 
complete hydroiysis of the peptide. This amino acid apparently does not react 
completeiy with ninhydrin under the conditions employed. 
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glyeylamino)propionic acid, and a,a-di(glycylglycylamino)propionic acid 
hydrochloride were prepared, and their hydrolysis in various rat tissue 
extracts followed mainly by the rate of ammonia evolution over the con- 
trols. ~The monomethylglyeyl and glyeylglyey] derivatives were hydro- 
lyzed by all normal rat tissues studied, whereas the dimethylglycyl and 
chloroacetylglyey! derivatives were not attacked. In extracts of hepa- 
toma, the susceptibility of di(glyeylamino)propionic acid is higher than in 
liver, whereas that of di(N-methylglycylamino)propionie acid nearly van- 
ishes. Comparison is made between analogously constituted dehydropep- 
tides and di(glyevlamino)propionic acid derivatives, and certain similarities 
are described. 
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ENZYMATIC HYDROLYSIS OF ANALOGOUS SATURATED AND 
UNSATURATED PEPTIDES 


By VINCENT E. PRICE ano JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institute of Health, Bethesda, 
Maryland) 


(Received for publication, June 8, 1948) 


Two types of peptidases are present in tissues, one of which catalyzes 
the hydrolysis of the saturated, RCHCONHUCHR’COOH,! the other that of 
the unsaturated, (CHeR’)- 
COOH, peptide bonds (cf. (1)). These are designated, respectively, pep- 
tidases and dehydropeptidases. We have reported the rates of hydrolysis 
of variously constituted delhydropeptides in extracts of rat tissues (2-4). 
The present study consists in a comparison of such rates with those of 
analogous saturated peptides under nearly identical experimental condi- 
tions. Comparison has been made between glveyl-pL-alanine and glycyl- 
dehydroalanine, glycyl-pi-phenylalanine and glyeyldehydrophenylalanine, 
and chloroacetyl-pL-alanine and chloroacetyldehydroalanine, studied in 
extracts of rat kidney, liver, and hepatoma. Acetyvl-pL-alanine, chloro- 
acetyl-pL-phenylalanine, acetylglycine, and glycylglycine were also studied 
in kidney digests, and the former two compounds compared, respectively, 
with acetyldehydroalanine and chloroacetyldehydrophenylalanine. 


EXPERIMENTAL 


The digests were composed of 1 ce. of fresh, aqueous rat tissue extract,? 
1 or 2 ce. of 0.15 M borate butfer at pH 8.0 and 1 ce. of either water or 0.025 
M neutralized dehydropeptide or 0.050 mM neutralized racemic peptide 
solution. No metallic or other activator was added. The hydrolysis at 
37° of the dehydropeptides was followed by the rate of evolution of ammo- 
nia (2) and that of the peptides by measuring the COs evolved after treat- 
ment with ninhydrin (5), both rates being corrected for the respective 


1 Substrates containing an ae tertiary carbon atom, such as glycylaminoisobutyric 
acid and favorably constituted difacylamino)propionic acids, are also hydrolyzed 
in rat tissues (14). The relation, if any, between the enzymes acting upon such 
substrates and those catalyzing the hvdrolysis of peptides with a hydrogen atom on 
the a-carbon is not yet clear. 

? The extracts were prepared by grinding the freshly removed tissue with clean 
sand in a glass mortar and suspending in water, followed by light centrifugation to 
remove the sand and tissue débris. The extracts were used within a half hour of 
preparation. 
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controls. In agreement with the opinion expressed by Neurath et al. (6), 
we have found the specific and accurate ninhydrin method the most satis. 
factory of contemporary procedures for measuring the rate of peptide | 
hydrolysis. 

The saturated peptides employed were racemic mixtures, and the 
hydrolysis was followed in each case almost to completion. As others 
have noted (7-9), both optical forms of the glycyl peptides were hydro- 
lyzed. With extracts of liver and hepatoma, the rates of hydrolysis of the 
two antipodes of glycyl-pL-alanine and glycyl-pt-phenylalanine were so 
different that it could be assumed that the more susceptible isomer. was 
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MICROMOLE 


HOURS OF DIGESTION 
Fic. 1. Hydrolysis curves of 0.05 m glyeyl-pu-alanine and chloroacetyl-pL- 
alanine (@) with rat liver extracts containing 0.4 and 1.1 mg. of N per ec., respec- 
tively. The actual rate value for hydrolysis of the more susceptible isomer of glycyl- 
pL-alanine (Table 1) was calculated from a curve obtained with a more dilute extract. 


completely hydrolyzed before there was appreciable hydrolysis of the less 
susceptible isomer (Fig. 1).4 In such eases, 1t was necessary to employ 
higher extract concentrations to follow the hydrolysis of the less susceptible 
than for the more susceptible isomer. With kidney extracts, the rate of 
hydrolysis of the more susceptible isomer of glycyl-pL-phenylalanine is 
also considerably greater than that of the less susceptible isomer. How- 


§’ Under our conditions, the ninhydrin procedure results in a negligible hydrolysis 
of all the peptides studied except glycylglycine, which is split to a few per cent (cf. 
(5)). 

‘ By the ‘‘more susceptible isomer’’ we refer to that member of the pair of antip- 
odal peptides which is more rapidly hydrolyzed, without commitment as to whether 
the two isomers are hydrolyzed by the same or different enzymes. 
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HOURS OF DIGESTION 


MICROMOLES SUBSTRATE HYDROLYZED 


Fic. 2. Hydrolysis curves of 0.05 m glycyl-pL-alanine (X) and chloroacetyl-pL- 
alanine (@) with rat kidney extracts containing 0.08 and 0.6 mg. of N per cc., re- 
spectively. 


TABLE [| 


Rates Zick eran of Saturated and Unsaturated Pe ‘sieseade: with Rat Tissue Extracts 


| Micromoles X 10 substrate sided per hr. per 
mg. N in extract of 


Substrate 
Kidney* | Liver | Hepatomat 
Glyeyldehvdroalanine.......... 1,620 60 | 
Glyeyl-pL-alanine (one optics! form) 7 6, O00 2000 | 1200 
Glye lehvdroy yhe nvialanine 12 0) 
Glyeyl-p_-phenvialanine (one optical form) | 10,300 3200 | 2126f 
(2nd 20 | 11 
Chloroacetyvidehydroalanine. .. 100 28 0 
Chloroacetyl-pL-alanine (one optical BOOS 132 


* Glycylglveine is hydrolyzed with a rate value of about 400; chloroacetylglycine 
isnot hydrolyzed. 

+ Primary tumors induced in Osborne-Mendel rats by feeding p-dimethylamino- 
azobenzene; donated by Dr. J. White. Necrotic areas removed. 

t The corresponding value when 0.025 m glyeyl-Lt-phenylalanine was used was 
2300. 

§ Acetyl-pi-alanine (only one optieal form) is hydrolyzed at a rate value of 310, 
compared with that of IS for acetyldehydroalanine. Chloroacetyl-pL-phenylalanine 
only one optical form) is hydrolyzed at a rate value of 1200, compared with that of 


0 for chloroacetyldehydrophenylalanine. 
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ever, in the case of glycyl-pL-alanine, the hydrolysis of both optical isomers 
more nearly approaches that of the other, and the rate of hydrolysis of each 
isomer can only be roughly approximated (Fig. 2). Only one optical form 
of chloroacetyl-pL-alanine (Figs. 1 and 2), of acetyl-pi-alanine, and of 
chloroacetyl-pL-phenylalanine was hydrolyzed. 

The initial reaction rates for the hydrolysis of the peptides were approxi- 
mated from the slope of the respective curves (micromoles of substrate 
hydrolyzed plotted against time); the data are given in Table I. 

In the absence of definitive information as to which optical isomer of the 
racemic peptides was being hydrolyzed, no designation can be made at this 
time, but presumably the susceptible isomer of acetyl-piL-alanine, chloro- 
acetyl-pL-alanine, and chloroacetyl-pL-phenylalanine and the more sus- 
ceptible isomer of the glycyl peptides is the L, or ‘‘natural’’ form. The 
nearly equal rates of hydrolysis of glyeyl-L-phenylalanine and of the more 
susceptible isomer of glyeyl-pL-phenylalanine support this possibility 
(Table 1). The rates noted for the saturated peptides may be minimum 
for the most part, (a) since they were obtained on compounds hydrolyzing 
in the presence of their optical enantiomorphs, which might exert an 
inhibitory influence, and (b) since no possible activator was added (Ss, 10). 
Nevertheless, the rates of hydrolysis of the more susceptible forms of the 
saturated peptides are in every case considerably greater than those of the 
analogous dehydropeptides (Table 1). 


DISCUSSION 


Bergmann and Schleich (1) showed that purified preparations of dipep- 
tidase, aminopeptidase, and carboxypeptidase, which were highly active 
toward saturated peptides, had no effect upon unsaturated peptides. The 
converse has not yet been shown to be true, for no attempt has been made 
to prepare purified dehydropeptidases free of activity toward the saturated 
peptides. Nevertheless, some further evidence that the peptidases and de- 
hydropeptidases are distinct enzyme systems may be derived from a com- 
parative study of liver and hepatoma. ‘The malignant transformation of 
a tissue may serve in effect, in the case of a number of closely related en- 
zymes, as a fractionation procedure. Thus, in the consideration of the 
possible multiple nature of dehydropeptidase I (4), considerable weight was 
laid on the fact that, whereas the hydrolysis rate of glyevldehydroalanine 
and alanyldehydroalanine increased very considerably when liver was trans- 
formed info a hepatoma, the hydrolysis rate of glveyldehydrophenylalanine 
and N-methylglycyldehydroalanine decreased. Assuming that the can- 
cerous transformation of a tissue does not result in qualitative changes in 
the enzymes concerned, the enrichment in activity toward glycyldehydro- 
alanine and the concomitant decrease in activity toward glyevldehydro- 
phenylalanine (4) (Table I) strongly suggest that the hydrolysis of these 
substrates is catalyzed by different enzymes. ‘The fact that the malig- 
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nant transformation of liver is accompanied by a decrease in the 
rate whereby both optical forms of glycyl-pL-alanine are hydrolyzed (Table 
I) also suggests that glyeyldehydroalanine and glycyl-pL-alanine are hy- 
drolyzed by different enzyme systems. It is of some interest to note that, 
per mg. of tissue N, the hydrolysis rate of those saturated peptides studied, 
namely glycyl-pt-alanine, glycyl-pi-phenylalanine, and chloroacetyl-p1- 
alanine, decreases when liver becomes neoplastic (Table 1), whereas it has 
been reported that the rate of hydrolysis of the more susceptible isomer of 
pt-leucylglycine and of pu-alanylglycine increases (11, 12). This differ- 
ence suggests that alanylglycine and glycylalanine may be attacked by 
different peptidases, a possibility which had been advanced on other 
grounds for the corresponding p peptides by Maschmann (8). In any 
event, the use of carefully defined cancer tissue in comparative studies with 
the normal tissue of origin is sometimes capable of contributing to the so- 
lution of certain biochemical problems of fundamental interest (cf. (13)). 

Still another suggestion that the peptidases and dehydropeptidases may 
be distinct systems arises from the fact that, whereas the dehydropeptides 
of alanine are hydrolyzed in tissue extracts much faster than the dehydro- 
peptides of phenylalanine, the reverse holds true for the more susceptible 
(but not for the less susceptible) antipodes of the corresponding saturated 
peptides (4) (Table 1). 

The hydrolysis rates of the susceptible optical isomer of acetyl-pL-alanine, 
chloroacetyl-pi-alanine, and chloroacetyl-pt-phenylalanine, and of the 
more susceptible isomer of glycyl-pi-alanine and glycyl-pL-phenylalanine, 
are all greater than those of the corresponding analogous dehydropeptides 
in the same tissue extract (Table 1). Little can be said in this connection 
of the less susceptible antipodes of the saturated peptides. Those of acety]- 
pt-alanine, chloroacetyl-pL-alanine, and chloroacetyl-pL-phenylalanine are 
not hydrolyzed at all, while those of glycyl-pL-alanine and glycyl-pL-phenyl- 
alanine in kidney and liver extracts are apparently hydrolyzed at rates 
approximating those of the corresponding dehydropeptides (Table [). 
Further investigations will lay emphasis on the use of optically pure L and 
D peptides, which will also permit the use of more accurate kinetic 
treatment. 

The only saturated peptide studied which was not hydrolyzed by aqueous 
extracts of kidney was chloroacetylglycine (Table I). This is in contrast 
to the ease of hydrolysis of the susceptible isomer of chloroacetyl-pL-alanine. 
Glyevlglycine was hydrolyzed at a rate approximating that of glycylamino- 


>We have also found that, per mg. of tissue N, the more susceptible isomer of 
pt-alanylglycine is hydrolyzed more rapidly in hepatoma than in normal liver ex- 
tracts. Under experimental conditions identical with those used for glycylalanine 
(Table I), the hydrolysis rate for alanylglycine in hepatoma is 3700, in liver 1630. 
The second optical isomer of pL-alanylglycine does not appear to be hydrolyzed under 
these conditions, either in liver or in hepatoma extracts. 
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isobutyric acid (14), which was considerably less than that of glyeyl-pz- 
alanine. It may be suggested that the presence of a center of optical asym. 
metry in a favorable position within the peptide is frequently conducive to 
increased susceptibility to peptidase action. 


SUMMARY 


The rates of hydrolysis in fresh, aqueous rat tissue extracts were de- 
termined for glycyl-pL-alanine, glycyl-pL-phenylalanine, chloroacet yl-pt- 
alanine, acetyl-pL-alanine, and chloroacetyl-pL-phenylalanine, and the 
rates compared both among themselves and with those of the corresponding 
analogous dehydropeptides. Both optical isomers of the glyevl peptides of 
alanine and phenylalanine were hydrolyzed, one at a faster rate than the 
other, but only one isomer of the chloroacety! and acetyl peptides was hy- 
drolyzed. Chloroacetylglycine was not hydrolyzed, and glyeyvlglycine was 
hydrolyzed in kidney at a rate approximately one-tifteenth that of the more 
susceptible isomer of glycyl-pL-alanine. 

The more susceptible isomers of the racemic saturated peptides were 
hydrolyzed in extracts of kidney, liver, and hepatoma at considerably faster 
rates than those of the corresponding dehydropeptides. ‘The neoplastic 
transformation of liver results in a decrease in the hydrolysis rate of glyeyl- 
alanine, which is in contrast with the increase in hydrolysis rate of glyeyl- 
dehydroalanine. ‘The more susceptible antipodes of the saturated peptides 
of phenylalanine were hydrolyzed in kidney, liver, and hepatoma at a faster 
rate than those of alanine, whereas the converse held true of the correspond- 
ing dehydropeptides. ‘The question of the separate identity of the pepti- 
dases and dehydropeptidases was discussed. 
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THE REVERSIBLE INHIBITION OF ACETYLESTERASE BY 
DIISOPROPYL FLUQROPHOSPHATE AND TETRAETHYL 


PYROPHOSPHATE* 


BY EUGENE F. JANSEN, M.-D. FELLOWS NUTTING, anpb A. K. BALLS 
From the Enzyme Research Laboratory, Bureau of Agricultural and Industrial Chem- 
istry, Agricultural Research Administration, United States Department of 
Agriculture, Alhany, California) 


(Received for publication, June 2, 1948) 


Diisopropyl! fluorophosphate (DFP) has been shown to be a remarkably 
potent inhibitor of the enzymatic hydrolysis of acetylcholine (1). As a 
result of a wide survey (2), inhibition by dialkyl fluorophosphates appears 
to be specific for certain esterases and lipases (kidney acid phosphatase was 
found to be inhibited by relatively high concentrations). Since the cholin- 
esterase of mammalian brain and nerve tissue is narrowly specific for ace- 
tylcholine and acetyl-3-methylcholine (3), it is often called ‘‘true’’ cholin- 
esterase. Other esterases of wider specificity (those hydrolyzing tributyrin, 
for example) also hydrolyze acetylcholine, but are frequently referred to as 
“nseudo”’ cholinesterases. 

While studying the inhibition of cholinesterase by DFP in vitro and in 
vivo, Mazur and Bodansky (4) found that different tissue cholinesterases 
show differing degrees of sensitivity to DFP. ‘These results have been 
interpreted by Hawkins and Mendel (5) and by us (6) as indicating that 
pseudocholinesterase is about 100 times as sensitive to the inhibitory action 
of DFP as is cholinesterase. From a correlation of toxicity with inhibition 
of brain cholinesterase, Nachmansohn and Feld (7) have concluded that 
the toxicity of DIP is very probably due to its action on “‘true”’ cholin- 
esterase. Since dialysis or dilution of cholinesterase-DFP mixtures or of 
tissue cholinesterase from animals poisoned with DFP did not result in any 
increase in cholinesterase, the DFP inhibition of brain cholinesterase is not 
to be considered readily reversible (4). However, Nachmansohn et al. (8) 
have found that over a relatively short period of time the inhibition by 
DFP can be reversed by dilution, the extent of the reversal being dependent 
on temperature, time, and DIFP concentration. Eserine, which inhibits 
cholinesterase reversibly, was found to protect the enzyme against irre- 
versible DFP inhibition (9). Mazur (10) also demonstrated an enzyme in 
animal tissues capable of hydrolyzing the phosphorus-fluorine bond of alkyl 
fluorophosphates, so that there exists 7n vive concurrent inhibition of cholin- 
esterase and detoxification. Hexaethyl tetraphosphate (HETP) exerts a 
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strong inhibitory effect similar to that of DFP on mammalian and insect 
cholinesterase tn vitro and tn vive (11). Even smaller concentrations of 
HETP than of DFP were needed to cause the same inhibition. 

The effect of DFP and HETP on enzymes of plant origin was studied 
to determine whether any of the plant enzymes were inhibited, particularly 
since HETP and like substances are beginning to find use as insecticides. 
A preliminary report of the results has been published (6). Of the en- 
zymes studied only acetylesterase (12) was found to be inhibited by DFP, 
HETP, or tetraethy! pyrophosphate (TEP) (the chief active constituent 
of HETP). 

Acetylesterase occurs in citrus fruit and many other higher plants and 
fungi.’ It hydrolyzes best the esters of acetic acid, including both triacetin 
and acetylcholine. Ilowever, very high concentrations of acetylcholine 
were needed to realize maximum activity, and eserine was without effect 
on this enzyme. 

A study has been made of the conditions necessary tor the inhibition of 
(plant) acetylesterase, and of the kinetics of that inhibition. It was further 
observed that, when acetylesterase preparations were inhibited by TEP or 
HETP, they spontaneously though slowly regenerated im vitro. Purified 
preparations of another enzyme from orange flavedo (pectinesterase) fre- 
quently carried some material which accelerated this regeneration. On the 
other hand, enzyme inhibited by DFP has not been observed to regenerate 
in vitro, though evidence was obtained that, when a whole orange was 
gassed with DIP, marked inhibition of acetylesterase and also some sub- 
sequent regeneration thereof occurred in the intact fruit. 


EXPERIMENTAL 


Methods and Materials 


Enzymes and Assay Methods—Vhe following enzymes and assay methods 
were employed: Arlington jack bean urease was assayed according to the 
aeration-titration method of Van Slyke and Archibald (13), papain salt 
paste (14) according to the milk-clotting method of Balls and Hoover (15), 
erystalline B-amylase (16) according to the Schwimmer modification (17) 
of the Kneen and Sandstedt method (18), crude pectinesterase concentrate 
according to the method of continuous titration at constant pH (19), and 
purified acetylesterase according to a similar continuous titration method 
previously reported with diacetin or triacetin as a substrate (12), or by a 
colorimetric method recently developed with o-nitrophenyl acetate as 
substrate. 

The colorimetric methed for acetylesterase permitted the use of a tenth 
as much enzyme as was necded fcr the titrimetric methcd. It consisted 


‘ MacDonnell, L. R., Jang, R., Jansen, E. F., and Lineweaver, H., in preparation 
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in measuring the rate of formation of o-nitrophenol at pH 6.5 and 25°, with 
a No. 42 filter in a Klett-Summerson colorimeter with the test-tube adapter 
in place. ‘The substrate was dissolved in aleohol and added to the enzyme 
solution in 0.1 mM phosphate buffer at pH 6.5 (below the surface) to give a 
final concentration of 2 per cent alcohol and 0.003 m o-nitrophenyl acetate. 
The color formed was measured as a function of time. The rate of form- 
ation under these conditions was linear and was directly proportional to the 
amount of enzyme. A standard curve related color to mM of o-nitrophenol. 
The activities were expressed in millimoles of o-nitrophenol formed per 
minute per aliquot of enzyme. These activities agreed with those deter- 
mined with triacetin as a substrate to within 10 per cent. The small sub- 
strate Concentration needed to show the full activity of the enzyme present 
is noteworthy (concentrations of o-nitrophenyl acetate greater than 0.003 
u gave the same specific activities). This concentration is less than 0.01 
of that necessary for full activity with the acetins as substrates (12). 
Henee acetylesterase has a much greater affinity for phenyl acetates than 
for aliphatic acetates. 

Inhibitors “The HWk'TP? was a commercial product known to be a mix- 
ture, the DFP® was analytically pure, the TEP! was 95 per cent pure, and 
no analytical figures were available for the ethyl metaphosphate (EMP).4 
Stock solutions of the inhibitors were made to be 0.01 to 0.02 mM in anhy- 
drous isopropanol. These solutions kept for several months in the refrig- 
erator with no decrease in inhibitory power. Aliquots of these solutions 
sufficient to give the desired concentration of inhibitor were added to an 
enzyme solution and incubated at room temperature (25° + 1°) for 20 
minutes (unless otherwise specified) prior to assay. It is shown later that 
an incubation period is necessary. As a control, pure isopropanol was 
added in a corresponding amount to a similar enzyme solution in order to 
ascertain whether any of the inhibition observed might be due to the iso- 
propanol. In no case did the amount of isopropanol used produce any in- 
hibition over the time of the experiment. The term pK is used to denote 
the negative logarithm of the concentration of inhibitor required to produce 
50 per cent inhibition under the described conditions. 


Results 


Effect of DFP on Several Plant Enzymes —TVhe etteet of DFP on papain, 
pectinesterase, urease, crystalline 8-amviase, and citrus acetylesterase is 


- Obtained through the eourtesy of the Monsanto (‘hemical (‘ompany, St. Louis, 
Missouri. 

’ Obtained from the Medical Division, Army Chemical Center at Edgeweod, 
Maryland, through the courtesy of Captain James A. Campbell. 

* Kindly supphed by Dr. Howard Adler of the Victor Chemical Works, Chicago, 
Ulinois. 


e 

ect | 
ot 
lied 
rly 
les 
(T}- 
‘p 
na 
tin | 
ine | 
Oy 
ed 
re- | 
he 
ite 
‘as 
It | 
te 
id 

is 

h 

d 


978 ACETYLESTERASE INHIBITION 


given in Table I. It can be seen that the arbitrary concentration of DFP 
employed (0.001 m) had little or no effect on any of the enzymes tried ex- 
cept acetylesterase and possibly papain. (The pli had no effect on DFP 
inhibition, as will be seen below; therefore, it was not possible that the 
failure of DFP to inhibit was due to pH differences.) Increasing the con- 
centration of DFP in papain solution 3-fold caused an inhibition of 25 per 
cent. This inhibition was not dependent upon time, sinee 80 and SO min- 
ute incubation periods caused the same inhibition, contrary to the effeet 
observed in the inhibition of acetylesterase (see below). Since the concen- 
trations of DFP necessary for papain inhibition were so large, the effeet was 
not pursued any further. Urease and papain depend on -— SI] groups for 
activity. Since DFP failed to cause a marked inhibition of these enzymes, 


TABLE | 
Lethe cf oy OOO] M DFP ral Plan f lene {Pes 
Enzyme pH Incubation time® Per cent inhibition 

min. 
Papaint. 30) 
180) 
Pectinesterase 5.6 () () 
Urease 7.0 () 
Acetylesterase (citrus) 6.7 7 

0.4 45 ty 
* The time between the addition of the DIP to the enzvme and its ASSAV. 


T No evanide activation was used on the papain. 


it is apparent that the mode of inhibition by DFP is not through reaction 
with —SH groups. It is of interest that pectinesterase is an esterase un- 
affected by DIP. 

Effect of Concentration of DIP on Acctylesterase-—— In order to determine 
the concentration of DIP necessary to cause 50 per cent inhibition of ace- 
tylesterase, it was necessary to select an arbitrary time of reaction between 
the enzyme and the inhibitor. For this purpose a 20 minute incubation 
period was chosen. ‘The suggestion had been made previously (12) that 
wheat ‘lipase’ (20) is in reality acetylesterase. Since lipase (pancreatic) 
was not affected by DFP, the inhibition of the wheat enzyme would 
offer additional evidence of the identity of this enzyme with acetvlesterase. 
A concentrate of the wheat enzvme was made by extraction of 100 em. of 
wheat germ overnight with 1 liter of 2.5 N sodium chloride at pI] 7.0. The 
filtered extract was made 0.7 saturated with ammonium sulfate and the 


’ Unpublished results. 
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precipitate was filtered off and taken up in 75 ml. of water and dialyzed 
inthe cold. ‘The resulting solution had an activity of [AE u.| ml. = 0.002. 
Aliquots of this solution as well as those of citrus acetylesterase were sub- 
jected to DFP. From Table II it is apparent that the concentration of 
DFP necessary for 50 per cent inhibition under the conditions of the ex- 
periment was approximately 5 K 10-° mM (plx = 4.3) for both preparations. 
This concentration is of the same order as that necessary for 50 per cent 
inhibition of true cholinesterase (4, 21). The fact that the same concen- 
tration of DFP caused a similar inhibition of the enzymes from 
both sources is additional evidence that the wheat enzyme is in fact acetyl- 
esterase. That the inhibition by DFP was not due to its hydrolysis to 
fluoride ion was shown by the failure to obtain inhibition of acetylesterase 
by incubation with 0.001 mM NaF. 

Citrus flavedo press-juice contains considerable acetylesterase (12). The 
concentration of DFP necessary to cause 50 per cent inhibition in a similar 


TABLE I] 


Effect of DFP Concentration on Acetylesterase 


Per cent inhibition* 


Citrus acetylesterase Wheat acetylesterase 
l 


* After 20 minutes prior exposure of the enzyme to DFP. 


incubation period was found to be approximately 10 times as much as was 
needed for the partially purified acetylesterase used above. On purification 
of the acetylesterase (12) this difference became negligible. The explana- 
tion of these observations is still obscure, but obviously may be connected 
with the observations on regeneration of the inhibited enzyme. 

Kinetics of DFP Inhibition —A study was made of the rate of inhibition 
of citrus acetylesterase by DFP at 25°. The reaction was found to be bi- 
molecular over the concentration range studied, since the product of the 
time necessary to cause 50 per cent inhibition multiplied by the inhibitor 
concentration gave a constant (Table II1), except for the lowest concen- 
tration studied. Furthermore, a plot of the reciprocal of residual activity 
against time gave a linear function for more than half of the reaction. This 
may be considered as additional evidence that the inhibiting reaction is bi- 
molecular. The DFP concentrations used were all above those with which 
Nachmansohn ei al. (8) were able to obtain reversible inhibition, so that it 
seems unlikely that the change from reversible to irreversible inhibition 
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influenced these results. Hence in order to define DIP inhibition with ace- 
tylesterase the time as well as the concentration must be considered. The 
inhibition of cholinesterase has likewise been shown to be # reaction de- 
pendent upon time (S, 22). 

Non-Dependence of DFP Inhibition on pH— Aliquots of wheat acetyl- 
esterase concentrate were adjusted to pH 4.9, 6.2, and 7.4, and incubated 
with 5 X 10° M DFP. The amount of inhibition observed was 50, 56, 
and 53 per cent, respectively. ‘The small differences are not considered to 
be significant. Similarly, ncetvlesterase in citrus press-juice at pH 5.4 and 
6.1 was inhibited under like conditions to the extent of 17 and 20 per cent, 
respectively. lence over the range of pH studied the reaction of DFP 
with acetylesterase was not dependent upon pH. 

Effect of Eserine and Substrate on DFP Inhibition-—Vhe tact that eserine 
did not inhibit the hydrolvsis of acetylcholine bromide by citrus acetyl- 


TASQLE 
Lnhibition. (i Bimole cular Re action 


DFP concentration & 10° Time of 50 per cent inhibition (¢1) ts X concentration X 104 
5 2 
It) iz 12 
| 
esterase lias previously been demonstrated (12). Wheat acetylesterase was 


likewise found to hydrolyze acetylcholine bromide; however, at a concen- 
tration of 0.9 mM the relative rate of hydrolysis (on the basis of triacetin ae- 
tivity as unity) was only 60 per cent of that of citrus acetylesterase. In- 
cubation of wheat acetvlesterase at 25° for 90 minutes in | & 107+ M eserine 
failed to show any inhibition of acetylcholine hydrolysis on subsequent 
assay. Moreover, the hydrolysis of acetylcholine by the wheat enzyme in 
the presence of 1 & 107° M eserine proceeded at the same rate as in the 
absence of eserine. ‘Treatment with 5 & 10°° Mm DFP of wheat acetyl- 
esterase, which had already been incubated with 1 & 10-4 mM eserine for 90 
minutes, caused the same inhibition as was observed in the absence of es- 
erine. Therefore, unlike cholinesterase, acet ylesterase was not inhibited by 
eserine and, probably for the same reason, the eserine did not protect ace- 
tylesterase from DFP inhibition. Conversely, Webb (2) found that the 
enzymes other than cholinesterase which were inhibited by DFP were sen- 
sitive to eserine, although there was no direct correlation between the sen- 
sitivity to DFP and eserine. 
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In the presence of substrate the inhibition of acetylesterase by DFP is 
greatly retarded; 7.¢e., in the presence of 5 per cent triacetin, 40 minutes 
were needed to reduce the activity of the wheat enzyme to one-half by the 
action of 1 K 10°? wm DIP, whereas in the absence of the triacetin this 
degree of inhibition would have occurred in | minute. The time needed 
to reduce the activity to one-half in the presence of substrate Was approxi- 
mately the same at lower concentrations of DFP (1 and 5 x 10-'m). It 
is probable, therefore, that the point of attack ot the DIFP involves the 
point of attachment of the enzyme to the substrate. 

Effectof HETP, TEP, and EMP on Acelylesterase—-UETP, a mixture of 
ethyl phosphates, was found to inhibit acetvlesterase (Table IV) in even 
smaller concentrations than were needed with DFP (Table IIT); approxi- 
mately one-fiftieth to one-twenty-fifth as much caused 50 per cent inhi- 


ABLE 
of HETP,..TEP, and EMP on Acetyl sterase 


Enzyme source {inhibitor ed 
Wheat HE EP xX 57 
Citrus, purified 10-5 50 
py 1 10-* 16 


* After 30 minutes prior exposure of the enzyme to the inhibitor. 


bition in a like time. This difference is considerably greater than 
that observed for cholinesterase (11). ‘The active insecticidal constituent 
of HETP,*® TEP, was Just as effective on a molar basis. However, EMP, 
the other major constituent of TTE TP, was one-tenth as aetive as TEP. 
Since the EMP was impure and probably still contained residual TEP, the 
inhibition was probably due to the Iatter. Ilere again the reaction be- 
tween HETP and acetylesterase was found to be bimolecular. Acetyles- 
terase in citrus press-juice required [0 times as much TEP to give 50 per 
cent inhibition as did the partially purified acetvlesterase. 

Regeneration of Acetylesterase —As cited earlier, the conelusion that cho- 
linesterase is irreversibly inhibited by DFP is based largely on the behavior 
of the inhibited enzyme upon dialysis. Similar experiments with inhibited 
acetylesterase showed that dialysis, even after 11 days, produced no resto- 
ration of activity when the enzyme (from either wheat germ or orange 


® Private communication from Dr. H. L. Haller, Bureau of Entomology and Plant 
Quarantine, United States Department of Agriculture. 
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flavedo) was inhibited with DFP.’ When it was inhibited by TEP or 
HETP, however, a small but definite increase was observed. (For example, 
a Wheat germ preparation inhibited to 14 per cent of its original activity 
by 1 X 10° Mm HETP rose to 17 per cent in 3 days; a citrus preparation, 
inhibited to 16 per cent of its original activity by 1 X 10-*m TEP, rose to 
30 per cent in eleven days.) 

This regeneration of activity, however, was found not to depend upon 
dialysis, but to occur simply on standing. As shown in Table V, the re- 
appearance of activity Was more rapid at room temperature than at 5°, 
However, in the long run, greater regeneration occurred at the lower tem- 


‘LABLE 


Regeneration of THEP-Inhthited Acetylesterase 


Added pec- ee | Per cent of original activity after 
Tempera- 


preparationf cures | 
| 4hrs. {| tday | Sdays | i4days (| 20 days 

°C. | | | | 

DEP 21 15 1 3 

| iP ] 5 15 
5 7 | ot | 

25 23 29 29 
2 32 34 


* The inhibitor was added to the acetylesterase to give a concentration of 1 X 
1074 

7 A purified, lvophilized preparation of citrus pectinesterase' was added to the 
acetylesteruse to give a concentration of 0.7 pectinesterase unit per ml. 

t After an incubation period of 4 hours at 25°, the reaction mixtures were stored 


at the respective temperatures. 
§ A solution of the pectinesterase preparation Was heated to 60° for 5 minutes and 


cooled rior Lo its addition to the acetviesterase. 
| 


perature. ‘Che results were by no means regular and indicated to us the 
likelihood that some unidentified factor in the preparations was partici- 
pating in the observed return of activity. This supposition was 
strengthened by the observation that additions of purified citrus pectin- 
esterase frequently (but not always) increased the rate of regeneration. A 
preparation of tomato pectinesterase, however, was without effect. The 
pectinesterase content of the preparations used did not appear to be corre- 
lated with their regenerative effect on inhibited (citrus) acetylesterase. 
Heated pectinesterase preparations were entirely inactive in this respect. 

While preparations of citrus acet ylest erase in aqueous solution were never 

7 The dialyses were carried out in the cold with conditions under which acetyl- 
esterase was stable; 7.e., dialysis against 0.1 Mm sodium oxalate (12). 
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observed to recover from inhibition by DFP, the enzyme was found to be 
regenerated in situ after oranges were gassed with DFP vapor. It has 
previously been shown that the major portion of acetylesterase occurs in 
the flavedo of orange rind (12). When oranges are evacuated in a desic- 
eator containing a small amount of DIFP, some of the chemical is volatilized 
and forced into the fruit when atmospheric pressure is restored. By re- 
peating the evacuation several times, it was found that over 95 per cent 
of the acetylesterase in the outer layers of the rind could be inhibited. 


TaBLE VI 


Regeneration of DF P-Inhibited Citrus Acetylesterase, in Situ* 


Per cent of untreated activity 


Rind partt | | After oranges stood at 25° 
After treatment | 
| | 1 day 3 days 4 days 
Whole flavedo...... 4 | 13 | 
Outer 5 | 15 
Inner | 5 | 26 


* The acetylesterase was inhibited by evacuating the oranges in a desiccator con- 
taining 1 ml. of DFP for 1 minute, then allowing the oranges to remain at atmos- 
pheric pressure for 1 minute and repeating this cvele ten times. After the last 
evacuation the oranges were allowed to remain in the desiceator at atmospheric 
pressure for at least 0.5 hour. Washing the oranges after treatment had no 
effect on the inhibition. 

t The rind parts were allowed to remain on the orange for the time indicated in 
the last column, after which they were removed and extracted as previously de- 
scribed (12). 

{ The outer flavedo was that part of the flavedo which contained most of the oil, 
and was removed by grating. 

§ The inner flavedo was that part of the flavedo which contained little oil but still 
relatively large amounts of pigment. 


However, if such fruit were allowed to stand 3 to 4 days at 25°, the acetyl- 
esterase in the flavedo was found to have regenerated to the extent of 15 
to 40 per cent of its original (uninhibited) value (Table VI). In the mean- 
time, the rind apparently suffered some autolytic changes, but the replace- 
ment of the esterase activity can hardly be attributed to diffusion from 
elsewhere in the fruit, for in the layers of tissue beneath the outer flavedo 
(as seen in Table VI) about the same degree of regeneration was observed. 
Consequently there exist some factors in citrus fruit capable of forming 
active acetylesterase after that enzyme has been inhibited by either DFP 
or TEP. Attempts to concentrate or identify such factors have so far met 
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with no success, but they will be continued for the sake of their importance, 
not only to certain problems of citrus metabolism but also to that of re- 
covery from DIP poisoning. 


DISCUSSION 


Certain properties of plant acetylesterase as it occurs in fairly crude 
preparations from wheat germ and orange flavedo may now be compared 
with those of the cholinesterases of animal tissue. The comparisons are 
summarized in Table VII. The general similarity between the plant and 
animal enzymes is striking. In both cases, the action of the phosphate 
inhibitors appears, at the present writing, to be a specific one. While this 
similarity is backed by a great amount of experimental work, it is never- 
theless based on ignorance, for the possibilities are not nearly ex- 
hausted. At present the known differences are more profitably discussed. 


TaBLeE VII 


Compa ofr Acetiul ste hi Cholinesterase 


Cholinesterase 


Property Acetylesterase 
True Pseudo 
Affinity for acetylcholine Cirest Less Least (Am = 1.6 mM) 
Inhibition by eserine 0 
Specificity Narrow Wide Wide 
pk of DFP inhibition $.8-5 (20) | 6.5-7 (20) ; 4.3 
i-7.5 (10) 7 (10 


The figures in parentheses are bibliographic references 


The important role of acetylesterase in plant metabolism can hardly be 
the hydrolysis of acetylcholine, and the observed similarities between this 
enzyme and the cholinesterases are more probably dependent upon the 
ester-hydrolyzing mechanism of all of them than upon any factor specific 
for choline. This is supported by the wider specificity of the plant enzyme. 
It should be noted also that not aliphatic, but aromatic, acetates are its 
preferred substrates. Thus the affinities (Av values) of acetylesterase for 
acetylcholine, triacetin, and o-nitropheny! acetate were 1.6 mM, 0.03 m (12), 
and 0.001 M, respectively. 

The inhibition constants (ply) for HI’ TP are practically the same, but 
those for DFP differ widely. This suggests that the mode of action of 
HETP inhibition may be quite different from that of DFP inhibition.’ 


*The behavior of plant acetylesterase undoubtedly resembles that of animal 
pseudocholinesterase. 
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There is a marked difference in the concentration of DFP required for 
the inhibition of the three enzymes shown in Table VII, but no difference 
in the concentration required of HETP. This again suggests that the 
mode of the two inhibitions may be different, a supposition that is borne 
out by the observation that the plant enzyme, while it recovers from both 
inhibitions, does so under totally different circumstances. The reappear- 
ance of the HETP-inhibited enzyme depends upon an unknown factor in 
the water-soluble preparations. The factor is evidently heat-labile and 
operates faster but not more extensively at higher temperatures. These 
properties are characteristics of anenzyme. Aiter being inhibited by DFP, 
acetylesterase reappears only when in contact with the original tissue, and 
during a process outwardly resembling autolysis of that tissue. It has not 
been technically possible to inhibit citrus acetylesterase by HETP in situ 
apparently because of the difficulty of volatilizing enough of the chemical. 
Application of a solution to the surface carries with it the possibility of 
adsorption, and unsatisfactory penetration to the interior. In such expert- 
ments, however, little inhibition of the flavedo enzyme was obtained.  Per- 
haps the solid tissues are so much richer in the regenerating factor than are 
extracts thereof that the HETP-inhibited enzyme is almost immediately 
regenerated, and even the DI P-inhibited enzyme recovers slowly. Other- 
wise the two kinds of recovery must differ fundamentally. 


SUMMARY 


1. A colorimetric method for the assay of acetylesterase based on the 
rate of liberation of o-nitrophenol from o-nitrophenyl acetate has been de- 
veloped. The affinity of acetylesterase for this substrate was found to be 
much greater than that for acetic esters of aliphatic alcohols. 

2. Of the enzymes of plant origin, urease, papain, crystalline 3-amylase, 
pectinesterase, and citrus acetylesterase, only the acetylesterase was found 
to be appreciably inhibited by DIP. The plx value for a partially puri- 
fied citrus acetylesterase was found to be 4.3. For a wheat germ concen- 
trate, the pIX value was the same, thus giving additional evidence that the 
wheat enzyme is acetylesterase and not lipase. Fluoride ion was without 
effect on acetylesterase; hence the effect of DFP was not due to its hy- 
drolysis to fluoride ion. 

The acetylesterase in citrus flavedo press-juice required approximately 
10 times as much DFP to cause 50 per cent inhibition as did the enzyme 
after partial purification from this source. 

3. A study of the kineties of inhibition by DIFP showed the reaction to 
be bimolecular. Hence, to define DFP inhibition with acetylesterase, the 
time as well as the concentration must be considered. 


de 
ed 
re 
id | 
te =| 
Is 


O86 ACETYLESTERASE INHIBITION 


4. The inhibition of acetylesterase by DFP was found to be independent 
of the pH of the reaction mixture over the range of stability of the enzyme 
(pH 4.9 to 7.4). 

5. Eserine was without effect on the hydrolysis of acetylcholine by ace. 
tylesterase, and likewise did not protect the enzyme from DIP inhibition. 

In the presence of substrate (5 per cent triacetin) 1 XK 107° Mm DFP re. 
quired 40 minutes to reduce the activity to one-half, whereas in the absence 
of substrate this amount of inhibition occurred in 1 minute. In the pres- 
ence of substrate at lower DFP concentrations, this same decrease occurred 
in approximately the same time. Hence the point of attack of the DFP 
must involve the site of attachment of the enzyme to the substrate. 

6. The plx value for inhibition of acetylesterase by HETP (a mixture) 
was found to be one-fiftieth to one-twenty-fifth of the value for inhibition 
by DFP. TEP, the active insecticidal constituent of the mixture, was 
just as effective on a molar basis. EMP, the other major constituent of 
HETP, was considerably less effective. The reaction of these inhibitors 
with acetylesterase was likewise bimolecular. 

7. Dialysis of acetylesterase inhibited with DFP failed to cause any re- 
generation of activity. TEP- or HETP-inhibited acetylesterase slowly re- 
generated on storage at 5°. Sometimes more than 50 per cent of 
the original activity returned in 30 days. <A preparation of citrus pectin- 
esterase accelerated this regeneration. 

8. Citrus acetylesterase inhibited in s7tu by DFP was found to “‘regener- 
ate’? when the intact fruit was allowed to stand for 3 to 4 days. Hence 
factors responsible for the regeneration of DFP- and TEP-inhibited acetyl- 
esterase exist in citrus fruit. 
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LETTERS TO THE EDITORS 


THE EFFECT OF DIETARY PROTEIN ON THE TURNOVER 
OF PHOSPHOLIPIDES, RIBONUCLEIC ACID, AND 
DESONYRIBONUCLEIC ACID IN THE LIVER 


irs 


When rats are placed on a diet free from protein but adequate in every 
other respect, protein, phospholipides, and ribonucleic acid (RNA) are lost 
from the liver, while the desoxyribonucleic acid (DNA) content does not 
alter significantly. Therefore, the DNA P values may be used as terms 
of reference, and the protein N, phospholipide P, and RNA P contents 
expressed as mg. per mg. of DNA P (see the table). 

It appeared to be of interest to examine the turnover rates of the P- 
containing compounds at different stages of the protein-free regimen. 
For this purpose, one group of five male hooded rats 3 to 4 months old was 
fed on a diet containing 23 per cent casein for 7 days (Diet I), a second 
group of four rats on the same diet for 7 days and then on a protein-free 
diet for 1 day (Diet II), a third group of four rats on a protein-free diet 
for 4 days (Diet [I1), and a fourth group of five rats on a protein-free diet 
for 7 days (Diet IV). The average body weight at the beginning of the 
dietary periods was 294 gm., varying between 253 and 356 gm. The 
daily food intake was 5.8 gm. per 100 gm. of body weight on Diets I and IT, 
and 4.8 gm. on Diets II] and IV. P* (18 to 20 microcuries) was injected 
subeutaneously 6 hours before the rats were killed for the analysis of liver 
tissue. ‘The ratio of liver phospholipide (or RNA or DNA) P#:P® to 
liver inorganic P*?:;P*! (= relative specific activity) was used asa measure 
of the turnover rate” In order to obtain an indication of the total turn- 
over of phospholipide (or RNA) P in the liver, the ratio of phospholipide 
(or RNA) P#®:DNA P* to inorganic P*?:P*! ( = total relative activity) was 
calculated. In this ratio DNA P®, which remains unaffected by changes 
in dietary protein, replaces phospholipide P*! or RNA P*, 

During the first few days on the protein-free diet, the relative specific 
activities of phospholipide P and RNA P increased, while that of DNA P 

' Kosterlitz, H. W., Nature, 164, 207 (1944); J. Physiol., 106, 194 (1947). Camp- 
bell, R. M., and Kosterlitz, H. W., J. Physiol., 106, 12 P (1947). 

? Hevesy, G., in Nord, F. F., and Werkman, C. H., Advances in enzymology and 
related subjects, New York, 7, 111 (1947). 
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decreased. The fact that the total relative activities of phospholipide P 
and RNA P showed no significant change, with the exception of the 7 days 
value, indicates that the increased rate of renewal of these substances 
compensated for their loss from the livers of rats fed on a protein-free diet. 
It would appear, therefore, that the total turnover of the phospholipides 
and of RNA is determined by the metabolic needs ef the liver and is, at 
least within the limits of these experiments, independent of how much of 
these substances is present in the liver. The low 7 days value and other 
unpublished data suggest that in prolonged protein deficiency this rule 


Protein N Lipide P RNAP Relative specific activity X 100f Total relative activityt 
Diet No. DNA P* 


Mg. per mg. DNA P Lipide P RNAP DNAP Lipide P RNAP 
m . per 
iver 
I | 2.48 | 131 6.24 4.94 35.8 10.4 7S 2.23 0.51 
| 2.6 +0.13  2+0.10 +1.8 +0.2 +0.02 +0.09 +0.01 
II | 2.37 | 110 5.22 4.02 41.7 12.5 0.68 2.18 0.50 
| +2.4 _+0.08 +0.06 +1.2 +06 3:40.07 +0.05 +0.02 
III | 2.29 88 4.15' 3.76| 53.2 | 15.7 0.57' 2.22! 0.59 
+005 +0.09 +4.2 +().6 +0.05 +0.20 +0.03 
IV | 2.37] 81 3.66 3.45 48.2 15.7 0.54 1.76 0.54 
+1.7  +0.13 40.11 41.7 +06 +0.05 +0.09 +0.03 


* The values of DNA P have been adjusted fora hody weight of 300 gm, by miecans 
of the regression equation, ) = 0.00583.Y + 0.540, inwhich Y stands formg.of DNA P, 
and X for gm. of body weight on the last day of a diet adequate in protein. Since the 
standard error of the differences between the means is +0.108, the differences are not 
significant. 

t See the text. 

rf Standard error of the mean 


may no longer hold for phospholipide P, a fact which may possibly have 
some bearing on the development of liver injury in protein deficiency. 


Physiology Department Rosa M. 
Marischal Colle ge H. W. Kosteriitz‘ 
University of Aberdeen 
Aberdeen, Scotland 


Received for publication, July 1, 1948 


‘Carnegie Senior Scholar. 

‘Grants provided by the Medical Research Couneil of Great Britain to defray 
part of the expenses are gratefully acknowledged. The authors wish to thank Mr. 
M. H. Quenouille for the statistical treatment of the DNA values. They are in- 
debted to Miss I. Fraser for valuable technical assistance. 


ON THE MODE OF ACTION OF BIOTIN* 


Sirs: 


In a recent communication! Lichstein and Umbreit have presented 
experiments demonstrating a function for biotin. These investigators 
found that incubation of freshly harvested cells of Hscherichia coli in molar 
phosphate at pI 4 and 37° resulted in marked loss of their ability to produce 
earbon dioxide from aspartic acid. The enzymatic activity of these “‘in- 
activated” cells was restored by the addition of erystalline biotin. Their 
further analysis of the intermediate steps in this reaction localized the 
effects of biotin in the decarboxylation of oxalacetic acid. Using the same 
test system, these authors later showed that biotin also was involved in the 
deamination of L-aspartic acid as well as pL-threonine and L-serine.? 

In connection with our studies on the mode of action of biotin, we 
attempted to duplicate these findings under identical experimental condi- 
tions. We were able to confirm the inactivating effect of phosphate in- 
cubation, but were entirely unsuccessful in numerous attempts to reactivate 
the treated cells with either biotin or a mixture of biotin with the following 
vitamins: riboflavin, nicotinic acid, pantothenic acid, pyridoxal, pteroyl- 
glutamic acid, thiamine, and p-aminobenzoic acid (see the table). We 
ean offer no explanation for this difference in results. 

Further experiments, summarized in the table, revealed that hot water 
extracts of . colt and Lactobacillus arabinosus' cells have the ability to 
restore the enzymatic activity of the phosphate-inactivated cells. Similar 
extracts prepared from L. arabinosus grown on a “‘biotin-free’? medium 
containing aspartic acid and Tween &0 also pcssessed the same stimulatory 
activity. Since such extracts are practically Cevcid of biotin (as measured 
by L. arabinosus assay), it seems very unlikely that biotin plays any role 
in these enzyme systems. 

In 1938, Gale® had already shown that one of the deaminase systems of 
FE. coli could be inactivated by incubation with water, and that the activity 
could be restored by hot water extracts prepared from £. coli cells and 
several other natural materials. Formate or adenosine also possessed 

* Supported in part by grants from the Committee on Growth of the National 
tesearch Council. 

1 Lichstein, H. C., and Umbreit, W. W., /. Biol. Chem., 170, 329 (1947). 

2 Lichstein, H. C., and Umbreit, W. W., J. Biol. Chem., 170, 423 (1947). 

>We are indebted to Dr. Lichstein for the strain of Escherichia coli used in his 
experiments. 

* Grown on the medium of Wright and Skeggs. Wright, L. D., and Skeggs, H. R., 
Proc. Soc. Exp. Biol. and Med., 56, 95 (1944). 

5 Gale, KE. F., Biochem. J., 32, 1583 (1938). 
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similar stimulatory effects. The decreased deaminase activity of our 
phosphate-inactivated cells could also be restored by adenosine or a hot 
water extract of £. coli cells. However, adenosine was unable to stimulate 
the rate of carbon dioxide production from aspartic acid by inactivated 
cells. Studies on the chemical nature of the substances responsible for 
this latter effect are in progress. 


Reactivation of Phosphate-Inactivat d Cells of Ee. coli bi Various Materials 


Materials added to “inactivated ’ cells* 


vitaminst 
Qco.!| (N2) A 3 135 35 
| 0 | 48 (1.0) 32 
45 2 2 3 1 | 45 30 (0.012) 
45 0) 2 | 42 (0.010) 
50 1 2 | 46 23 (0.008) 
50 12 10 : ee | 27 
56 8 6 8 | 26 
15 13 | 28 


* The bacterial extracts were prepared by extracting the washed cells with boiling 
water for 10 minutes. The figures in parentheses represent the millimicrograms 
of biotin contained in the amount of extract added per Warburg flask. 

+ In the concentrations employed by Lichstein and Umbreit.’ 

t Cells grown in the presence of biotin. 

§ Cells grown in the presence of either Tween SO or oleic acid in lieu of biotin. 

‘| C.mm. of carbon dioxide liberated from L-aspartic acid per mg. of dry cells 
per hour. 

€ C.mm. of ammonia liberated from L-aspartiec acid per mg. of dry cells per hour. 


Analyses of £. coli cells incubated for varying periods of time with molar 
phosphate at pH 4 have revealed no changes in the biotin content of these 
cells. 


Department of Chemistry, University of Pittsburgh. A. kL. AXELROD 
and the Institute of Pathology, Western KLAUS HOFMANN 
Pennsylvania Hospital SARAH ELLEN PuRVIs 
Pittsburgh MARJORIE Mayu aur 
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PROCEDURE FOR THE STUDY OF CERTAIN ENZYMES IN 
MINUTE AMOUNTS AND ITS APPLICATION TO THE 
INVESTIGATION OF CYTOSINE DEAMINASE 


Nars: 


The application of filter paper chromatography! to the study of enzyme 
reactions offers interesting possibilities. Certain enzymes can be demon- 
strated, and in some cases assayed, by the direct mixing on the paper of 


Deamina- 
| om tion of 
Enzyme Reaction with substrate Time sine re- | 
maining! 
From From 
uracil NHs 
onl + | 
1 B. coli, cells On paper 30: 34 | 9 | 19) 
cee 
120; 23 | 22 | 44) 
2 a In vitro 30 | aA | 6 17 | 14 
60) 18 | 12 } 35) 21 
1200; | 67 | 56 
180 3 | 28 | 84/ 69 
240 | - 94 76 
3‘ eell-free extract | 30 2 2: in 
60 0 | 34 /101 
120 | 95 
t Yeast, cell-free extract 30 | 22 
HO 27 8] 
60 9] 
120 33 | 98 | 
6 HO 45 S9 
s “4 (anaerobic) 60 | 82 1100 | 


exactly measured quantities (O.01 to 0.02 ce.) of enzyme and substrate, 
followed by incubation in a moist atmosphere, stoppage of the reaction by 
heating to 100°, and chromatography. Bacterial suspensions may also be 
studied in this manner. In other cases it is preferable to perform the 
enzymatic reaction im vitro and then to transfer portions of the mixture to 
paper for the identification and estimation of reaction products. 

The development of microprocedures for the separation, by chromatog- 
raphy, and the characterization and estimation, by ultraviolet spectro- 


! Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
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photometry, of purines and pyrimidines? has made attractive the study of 
the enzymes active in the degradation of these compounds. Dependence 
upon indirect criteria of enzymatic action (liberation of NHs, ete.) thus is 
replaced by the direct estimation of both substrate and reaction product at 
any stage. 

These studies have led to the demonstration in yeast and /. colt of the 
enzyme cytosine deaminase, catalyzing the conversion of cytosine to 
uracil. The accompanying table presents a few experiments which were 
earried out at 36° in phosphate buffer of pH 7. In Experiment 1, 0.02 ce. 
of an aqueous suspension containing 480 y of bacteria (dry weight) was 
mixed on the paper with 50 y of cytosine in 0.01 ec. of O.1 mM buffer. Similar 
proportions were employed in vztro in Experiment 2. Powerful cell-free 
extracts of the enzyme (present in the 20,000 R.p.M. supernatant) were 
obtained from /. colt and yeast, crushed in a bacterial mill (experiments 
3 to 7). The preparation tested in Experiment 5 was free of adenase and 
guanase. 

A similar arrangement permitted the study of the conversion of adenine 
to hypoxanthine by B. colt and of guanine to xanthine by the guanase of 
rabbit liver. The experiments are being continued. 

Department of Biochemistry ERWIN CHARGAFF 

Columbia University JacoB Kream 


New York 
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2 Vischer, E., and Chargaff, E., J. Biol. Chem., 168, 781 (1947); Federation Proc., 
7, 197 (1948); J. Brol. Chem., in press. 
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KETONE BODY FORMATION FROM TYROSINE* 


Sirs: 


Though tyrosine is generally considered ketogenic in animals, experi- 
mental support for this hypothesis is extremely scanty. By means of 
isotopic tyrosine it has now been possible to substantiate its conversion 
to acetoacetate by liver and to provide information concerning the mechan- 
ism of this transformation. 

To 10 gm. of rat liver slices suspended in 120 ml. of phosphate-saline 
there were added 40 mg. of tyrosine labeled in the 6-carbon! with C™, 
and the mixture was incubated 2 hours in oxygen at 38°. After depro- 
teinization with copper-lime, one-half of the medium was treated according 
to the Van Slyke procedure for conversion of acetoacetate to acetone and 
CO. The acetone isolated as the Denigés complex had a high activity, 
whereas the CO. had a very low activity. Degradation of this acetone 
with hypoiodite yielded iodoform with high activity, indicating the presence 
of isotope in either the a- or y-carbon of acetoacetate, or both. 

To locate the position of the isotope further, advantage was taken of our 
finding that acetoacetate, when treated with an excess of permanganate 
in the cold, is rapidly and quantitatively converted to 1 molecule each of 
acetic, formic, and carbonic acids. The reasonable assumption was made 
that these three acids are derived, respectively, from the 8-, y-, the a-, and 
the COOH carbons. Accordingly, the second half of the medium, after 
addition of carrier acetoacetate, was oxidized with IKMnQO,, the excess of 
K MnO, was destroyed with peroxide, and the volatile acids distilled with 
steam. The formic acid in the distillate was oxidized to CO, with mercuric 
sulfate and the acetate recovered by distillation and identified by its 
Duclaux constants. 

The activities of these various degradation products (see the table below) 
are relative values, based on an assumed activity of 100 for the tyrosine. 
All measurements were made after conversion to BaCQOs;, which was assayed 
as an “infinitely thick” layer under a mica window counter.’ 

* Financially supported by the Sun Oil Company, Philadelphia, and by a grant from 
the United States Public Health Service,'under the National Cancer Institute Act. 

1 The pL-radiotyrosine, having an activity of 0.9 microcurie per mg., was prepared 
in the Radiation Laboratory of the University of California and supplied through 
the kindness of Dr. Melvin Calvin. For use in these experiments the sample of 2.34 
mg. was diluted with 230 mg. of L-tyrosine and crystallized from water, yielding es- 


sentially pure L-tyrosine, with an activity of 678 counts per minute (after combustion 
and measurement as BaCQ; spread in an “‘infinitely thick’’ layer over an area of 5 


sq. cm.). 
? Reid, A. F., in Preparation and measurement of isotopic tracers, Ann Arbor, 83 


(1946). 
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Inasmuch as substantially all of the activity of the acetoacetate is in the 
a-carbon atom, we conclude that acetoacetate must arise from tyrosine by 
a process whereby the a- and 6-carbon atoms of tyrosine respectively form 
the carboxy! and a-carbon atomsof acetoacetate, and two of the ring carbon 


Distribution of C'* among Acetvacetate Carbon 


Carbon of acetoacetate | Substance Method of degradation Specific activity 
a, B, Acetone Deecarboxylation 30.6 
COOH CO, 0.64 
B, ¥ Acetate KAInO, oxidation 1.8 

Respiratory CO, 1.3 


* Part of the activity of this fraction came from the tyrosine itself. 


atoms provide the 3- and y-carbon atoms of acetoacetate. Such a process 
is in complete accord with the following previously suggested sequence of 
steps: tyrosine to p-hydroxyphenylpyruvic to homogentisic to acetoacetic.® 


Research Institute of Temple University SIDNEY WEINHOUBE 
Philadelphia H. 
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OXIDATIONS BY ACETOBACTER SUBOXYDANS 


Sirs: 


Acetobacter suboxydans is known to bring about oxidation of polyhydroxy 
compounds. ‘The action of the bacterial enzyme is limited, however, to 
substances with specific configurations. According to the generalization 
of Bertrand,’ only those hydroxyl groups are oxidized which are situated 
between a primary hydroxyl group and a secondary one in a cis position. 
Hann, Tilden, and Hudson,? in a comparative study of p and L sugar al- 
cohols, demonstrated that only the bp form is oxidized readily. In the case 
of inositol isomers, even a greater stereochemical specificity is required; 
as Was shown ina recent study by Magasanik and Chargaff,’ only hydroxy] 
groups in a polar position are attacked by Acelobacter suboxydans. We 
wish to report our findings on the action of Acetobacter suborydans upon 
p-glucose dimethylacetal,* which has a configuration favorable for oxids: 
tion according to the Bertrand-IHudson rule. 

A comparison of the oxidation rates of various substrates reveals (see 
the table) that meso-inositol, D-sorbitol, calcium pb-gluconate, and glycerol 
are oxidized rapidly, whereas p-glucose dimethylacetal consumes only an 
insignificant amount of oxygen. A variation of the concentration of 
glucose dimethylacetal between 10 and 100 micromoles per Warburg vessel 
did not change this result. In this connection it is interesting to note that 
D-mannose diethylmercaptal 1s also resistant to the action of Acetobacter 
suboxydans.” 

Glucose dimethylacetal or glucose diethylmercaptal, when added in 
concentrations varying from 20 to 100 micromoles to Warburg vessels 
containing 20 micromoles of inositol, did not influence the rate at which 
inositol was oxidized. Thus, neither of these substances has an inhibitory 
effect on the action of the bacteral enzyme. 

Attempts to adapt Aecctobacter suboxydans to the oxidation of glucose 
dimethylacetal by growing the bacteria on this substrate failed. After a 
series of seven transfers on media containing decreasing umounts of D- 
sorbitol (1 to 0.05 per cent) and increasing amounts of glucose dimeth- 
ylacetal (0.1 to 1 per cent), the bacteria were not able to bring about an 
oxidation of the latter substance. 


! Bertrand, G., Compt. rend. Acad., 126, 762 (1898). 

? Hann. R.M., Tilden, E. B., and Hudson, C.8.,./7. Am. Chem. Soc., 60, 1201 (1938). 
’ Magasanik, B., and Chargaff, E., J. Biol. Chem., 174, 173 (1948). 

‘Wolfrom, M. L., and Waisbrot, S. W., J. Am. Chem. Soc., 60, 854 (1938). 
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The inability of Acetobacter to attack p-glucose dimethylacetal demon- 
strates that, besides the steric requirements expressed by the Bertrand and 


Rate of Oxidation by Acetobacter suborydans 
The Warburg vessels in each experiment contained 0.5 ec. of the suspension of 
resting bacteria (about 10 mg. dry weight), 0.5 ce. of solution containing 20 micro- 
moles of substrate, and 2 ec. of 1/15 Mm phosphate buffer of pH 6. The experiments 
were carried out at 38° in the presence of air. Calculated oxygen consumption, 
224 ¢.mm. 


Oxygen consumption in c.mm. 


| meso-Inositol | p-Sorbitol | Glycerol 
min | | | | ; 

5 32 | 19 
15 | 220 | 48 | 60 4 | 51 
30 | 228 | 95 | 99 4 | 81 

| 221 | 202 | 7 | 136 


Hudson generalizations, additional factors are decisive for the oxidation 
of open chain polyhydroxy compounds. 


Banting and Best Department of Medical Research Beat I[sBLINS 
University of Toronto 
Toronto, Canada 

Received for publication, July 29, 1948 


* The author wishes to express his gratitude to Professor H. O. L. Fischer, who 
made it possible for him to work on this problem. 
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ENZYMATIC CONDENSATION OF ACETATE TO 
ACETOACETATE IN LIVER EXTRACTS 


Sirs: 


We have observed a synthesis of acetoacetate from acetate + ATP in 
pigeon liver extracts. The same preparation was used as for experiments 
on enzymatic acetylation of sulfanilamide.! The synthesis of acetoacetate 


TABLE [ 


A 1 ml. purified fraction was used per sample (corresponding to 180 mg. of dry 
liver powder) in a total volume of 3 ml. containing 0.01 m cysteine, 0.1 mM sodium 
bicarbonate, and other additions as indicated; incubated for 2 hours at 38°. 


0.02 Mm acetate, 0.01 | 
mM ATP, CoA, 
49 units per ml. 


j 

, Same, but | Same, but | Same, but 
| no CoA | no ATP no acetate 


* The trichloroacetic acid extracts were first acidified with sulfurie acid’ and kept 
overnight at 38° for decarboxylation of acetoacetate. The fluid was then neutralized 
with sodium hydroxide and phosphate, and the acetone distilled by the procedure 
of Folin. Acetone was determined colorimetrically by the method of Behre. 
Analogous results were obtained with the determination procedure of Lester and 
Greenberg.® 


TaBLeE II 

A 1 ml. crude, aged liver extract was used per sample, containing 0.02 m sodium 
citrate to minimize ATP breakdown. The other components were present as indi- 
eated in Table I, except for Co A, incubated for 2 hours at 38°, and the acetone 
determined by the method of Behre.® 


Co A, units per ml. ane 4 8 12 | 16 | 20 | 30 


Acetone, micromoles..... 0.8 | 3.6 


may be observed with crude extracts? or with the fraction between 40 and 
70 per cent ammonium sulfate saturation. ‘This fraction contains the 
acetylating system and is rather free of interfering substances. 

It appears from Table I that coenzyme A (Co A) is a component of this 


!Lipmann, F., J. Biol. Chem., 160, 173 (1945). 

? Kaplan, N. O., and Lipmann, F., J. Biol. Chem., 174, 37 (1948). 

3 Greenberg, L. A., and Lester, D., J. Biol. Chem., 164, 177 (1944). 

‘Folin, O., Laboratory manual of biological chemistry, New York and London, 
5th edition, 211 (1934). 

’ Behre, J. A., J. Biol. Chem., 136, 25 (1940). 
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system. The dependence of the rate of reaction on the concentration of 
Co A is shown in the experiment in Table IT. 

The close relationship of acetoacetate synthesis, v.e. the acetylation of 
acetate, and sulfanilamide acetylation is further emphasized by a strong, 
apparently competitive inhibition by sulfanilamide. This may indicate a 
common acetyl precursor. 


Biochemical Research Laboratory, Massachusc'!s Morris Soopax 
General Hospital, and the De partment of Fritz LIpMANN 
Biological Chemistry, Harvard 
Wedreal School 
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INDEX TO SUBJECTS 
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Acetate: Liver, condensation to aceto- 
acetate, enzymatic, Svodak and Lip- 
mann, 

Acetoacetate: Liver acetate condensa- 

tion, enzymatic, Soodak and Lipmann, 


Acetobacter suboxydans: Oxiiations, 
Iselin, 
d-Quercitol oxidation, Wagasantk and 
Chargaff, 439 


Acetone: Pentabromo-, color reaction, 
new, Natelson, Pincus, and Lugovoy, 
745 

Acetylesterase: Diisopropy! ftiuorophos- 
phate and tetraethyl pyrophosphate 
effect, Jansen, Nutting, and Balls, 
975 

Adenylic acid: Amino acid deaminase, 
role, Lichstein and Christman, 649 
Adenylpyrophosphatase: Insect muscle, 
Gilmour, 477 
Alanine: 8-, peptides containing, pep- 
tidase specificity, use in study, Han- 

son and Smith, 833 
pu-, labeled, liver protein, normal and 
malignant, radioactive carbon, rela- 
tion, Zamecnik, Frantz, Loftfield, 


and Stephenson, 299 
Alkaloid(s): Veratrine, Jacobs and Sato, 


Allocholesterol: Synthesis,  MWeKennis 


and Gaffney, 217 
Alloxan: Hypoglycemia, mechanism, Ba- 
nerjee and Bhattacharya, 923 
Americium: Metabolism, Scott, Copp, 
Axelrod, and Hamilton, 691 


Amino acid(s): a-, blood, determina- 
tion, pert-naphthindan-2,3,4-trione 
hydrate use, Moubasher, 187 

—, solutions, determination,  peri- 
naphthindan-2,3,4-trione hydrate 
use, Moubasher, 187 

—, urine, determination, pert-naph- 
thindan-2,3,4-trione hydrate use, 
Mouhasher, 187 


Amino acid(s)—continued: 
Bean, mung, determination, chem- 
ical and microbiological, Belton and 


Hoover. 377 
Blood cell, red, chicken, Melampy, 
589 
Cell concentration, growth relation, 
Christensen and Streicher, 95 
Christensen, Rothwell, Sears, and 
Stretcher, 101 
Deaminase, adenylic acid réle, Lich- 
stein and Christman, 649 
—, biotin réle, Lichstetn and Christ- 
man, 649 
Exeretion, Sheffner, Kirsner, and 
Palmer, 107 
—, proteins, etfect, Sauberlich, Pearce, 


and Baumann, 29 
Fetus, growth relation, Christensen and 
Streicher, 95 
Liver protein, labeled glycine relation, 
Winnick, Friedberg, and Greenberg, 
117 
—, radioactive carbon distribution, 
labeled glycine, relation, Winnick, 
Moring-Claesson, and Greenberg, 
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— regeneration, hepatectomy, relation, 
Christensen, Rothwell, Sears, and 


Streicher, 101 
Pork, heat effect, Beuk, Chornock, and 
Rice ; 291 
Sulfur-containing, chromatography, 
Chargaff, Levine, and Green, 67 
Urine, Sheffner, Kirsner, and Palmer, 
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Amino -3,3-dimethyl-+ -hydroxybutyric 
acid: a-, occurrence, Ackermann and 


Kirb y, 483 
—, pantoie acid precursor, Ackermann 
and Shive, 867 


Aminopteroylglutamic acid: 4-, effect, 
Oleson, Hutchings, and SubbaRow, 
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Androsterone: Liver compounds, effect, 
Schneider and Mason, 231 
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Anhydrase: Carbonic, fetus, central ner- 
vous system, Ashby and Butler, 425 
Anthranilic acid: 3-llydroxy-, niacin ex- 


eretion, effect, Albert, Scheer, and 


Deuel, 479 
nicotinamide relation, Mitchell, 

Nuc, and Owen, 433 
Antibody: Denaturation. Wright and 
Schomaker, 169 
Antistiffness factor: Determination, 
Christensen, Cheldelin, and 
Wulzen, 249 
Antitoxin: Staphylococcus, urea solu- 


tions, pH and other factors, effect, 
Wright and Schomaker, 169 
Azotobacter agilis: Tricarboxylic acid 
eycle, Karlsson and Barker. G13 


B 


Bacillus: See also Lactobacillus 
Bacitracin: Nature, Barry, Gregory, and 
Craig, 485 
Bacteria: Lactic acid, growth, thymine 
desoxvriboside effect, Snell, Aitay, 
and McNutt, 173 
See also A cetobacte ge Azotobacte 
bacteria, Sta phiylococeus 
Bean: Mung, amino acid determination, 
chemical and microbiological, Belton 
and Hoover, Sie 


Soy, oil meal, lysine heat effect, kvans 


and Butts, 15 
Benzylpenicillenic acid: vi, crystalline, 
Livermore, Carpenter, Holley, and 
du Vigneaud, 721 


Benzylpenicillin: Precursors, }iological, 
Behrens, Corse, Jone s, Mann, Soper, 


Van Abeele, and Ch lang, wol 
Bile acid(s): Steroids, WeAenzie, Mat. 
tor, and Kendall, 240 
Biotin: Action, mode, Arelrod, Hof- 
mann, Purvis,and Mayhall, 99] 
Amino acid deaminases, rdle, Lichstein 
and Christman. H40 


Blood plasma fat-soluble materials, 
relation. chemical constitution, .1rel- 
rod, Mitz, and Hofmann, PHO 

Succinate metabolism, heart, radio- 
active carbon in study, Olson, Mil- 
ler, Topper, and Stare, 503 
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| Blood: a-Amino acids, determination, 
peri-naphthindan-2,3,4-trione hy- 
drate use, Moubasher, 187 


Nicotine, determination, spectrophoto- 
metric, Wolff, Hawkins, and Giles, 
825 

Prothrombin, Quick and Stefanint, 
945 
Blood cell(s): Red, amino 
acids, Melampy, 589 
—, —, cytochemistry, Melampy, 589 
Riboflavin and derivatives, determina- 
tion, Burch, Bessey, and 
Lowry, 457 
Blood plasma: Iat-soluble materials, bio- 
tin relation, chemical constitution, 
Axelrod, Mitz, and Hofmann, 265 
Blood serum: Riboflavin and deriva- 
tives, determination, micro-, Burch, 
Bessey, and Lowry, 457 
Blood sugar: See also Hyperglycemia, 

Hypoglycemia 


chicken, 


micro-, 


Bone: Uranium. Newman, Neuman, and 


Mulryan, 705 
Neuman and Neuman, 711 
Neuman, Neuman, Main, and Mul- 
ryan, 715 

diet effect, Neuman, Neuman, 
Main, and Mulryan, 715 

radioautographic studies, Veu- 
man and Neuman, 711 


consumption, 2, 4-dini- 
effect, Peiss and Field, 
49 
a-Amino-§,3-dimethyl- 

-hydroxy-, Ackermann 
and Kirby, 483 
pantoie acid precursor, Ackermann 


and Shive 867 


Brain: Oxygen 


trophenol 


Butyric acid: 
occurrence, 


C 


Cancer: Liver protein, radioactive car- 
bon, labeled pui-alanine and glycine, 
Frantz, Loft- 
299 

Carbon: Isotopic, )vdantoin containing, 
syn- 


531 


relation, Zamecnik, 


field, and Slephenson, 


tryptophan, carboxyl-labeled, 
thesis from, Bond, 
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Carbon—continued: 

Radioactive, liver protein amino acids, 
distribution, labeled glycine, rela- 
tion, Winnick, Moring-Claesson, and 
Greenberg, 127 

—, — —, normal and malignant, la- 
beled pu-alanine, relation, Zamec- 
nik, Frantz, Loftfield, and Stephen- 
son, 299 

—, succinate metabolism, heart, bio- 
tin effect, use in study, Olson, Mil- 
ler, Topper, and Stare, 593 

Carbonic anhydrase: Fetus, central ner- 
vous system, Ashby and Butler, 425 
Carboxylic acid: Tri-, cycle, Azotobacter 


agilis, Karlsson and Barker, 913 
Carboxypeptidase: Activity, kinetics 
and inhibition, and 
Neurath, 893 
Esterase activity, Snoke, Schwert, and 
Neurath, 7 
u-Tryptophan peptide derivatives, ef- 
feet, Smith, 39 


Carotene: Utilization, a-tocopherol ef- 
fect, Johnson and Baumann, S11 
Vitamin A conversion, hypothyroidism, 
effect, Wiese, Mehl, and Deuel, 21 


— — —, thiouracil relation, Kelley 
and Day, 863 
Carotenoid(s): Metabolism, Wiese, 
Mehl, and Deuel, 21 


Central nervous system: I etus, carbonic 

anhydrase, Ashby and Butler, 425 

Chicken: Blood cell, red, amino acids, 

Melampy, 589 
— cytochemistry, Melampy, 

589 

Chlorella: Magnesium protoporphyrin, 
chlorophyll precursor, Granick, 

Chlorophyll: Magnesium protoporphyrin 
as precursor, Chlorella, Granich, 

333 

Cholan-3(a@)-ol-17-one: Etio-, liver com- 

pounds, effect, Schneider and Mason, 

231 


Cholenate: Methy! 3(a@)-hydroxy-12- 


keto-A*® and related compounds, 
hydrogenation, catalytic, WeKenzie 
Matior,and Kendall, 


249 
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Cholesterol: Allo-, synthesis, McKen- 
nis and Gaffney, 217 
Epiallo-, synthesis, McKennis and 
Gaffney, 217 
Choline: t-a-Glycerylphosphoryl-,  hy- 


drolysis, chemical, Baer and Kates, 


79 

Citrate: Testosterone metabolism, liver, 
relation, Sweat and Samuels, 1 
Urine, uranium effect, Haven and Ran- 
dall, 737 
Citric acid: Determination, Saffron and 
Denstedt, 819 

—, micro-, Natelson, Pincus, and 
Lugovoy, 745 
Coenzyme(s): A, tissue, pantothenic 
acid effect, Olson and Kaplan, 515 


Colostrum: Immunity, new-born, rela- 
tion, Smith and Holm, 349 
Corticosterone: 17-Hydroxy-. urine, iso- 
lation, Mason and Sprague, 451 
Cyclohexose: d-Inositol, chemical con- 
stitution, Magasanik and Chargaff, 
929 

Cytochrome: Oxidase, embryo, Levy and 
Young, 73 
Cytosine: Deaminase, microprocedure, 
Chargaff and Kream, 993 


D 


Deaminase: Amino acid, adenylic acid 
role, Lichstein and Christman, 649 
biotin rédle, Lichstein and Christ- 


man. 649 
Cytosine, microprocedure, Chargaff 
and Kream, 993 


Dehydrogenase: p-Glucose, carrier sys- 


tems, Hichel and Watnio, 155 
Dehydropeptidase: I[, nature, Green- 
stein, Price, and Leuthardt, 953 
Desoxyribonucleic acid: Liver, turn- 


over, dietary protein effect, Camp- 


bell and Kosterlitz, 989 
Desoxyriboside: Thymine, lactic acid 
bacteria, growth, effect, Snell, 
Kitay, and McNutt, 473 


Deuterophenylacetyl - N - DL - valine: 
Penicillin biosynthesis, utilization, 
Behrens, Corse, Jones, Kleiderer, 
Soper, Van Abeele, Larson, Sylves- 
ter, Haines, and Carter, 765 
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Dicumarol: Vitamin A relation, Quick 


and Stefanini, O45 

Kk relation, Quick and Stefanini, 

945 

Diet: Bone uranium, effect, Neuman, 
Neuman, Main, and Mulryan 715 
Di(glycylamino)propionic acid: a.a-., 
derivatives, Greenstein and Price, 

Diisopropyl fluorophosphate: Acety!l- 
esterase, effect, Jansen, Nutting, and 
Balls, 975 
Diketo acid(s): 2,3-, enzyme hydrolysis, 
Meister and Greenstein, 573 


brain, oxygen con 
Peiss and Field, 
19 
Diphosphopyridine nucleotide: Testos- 
terone metabolism, liver, relation, 
Sweat and Samuels. 
Dog: Dalmatian acid 
Friedman and Byers. 
Duck: Heart metabolism, 
fect, Olson, Miller. and 
Stare, 480 
Pyruvate utilization, pantothenic acid 
effect. Olson 


Dinitrophenol: 2.4-, 
sumption, effect, 


excretion, 


uric 


thiamine ef- 


Pearson, 


and and 
Kaplan, O15 
Succinate metabolism, heart, biotin ef- 
fect, study, 
Olson. Stare, 

503 

Dye: Binding, fibrin, pH, dve, and salt 
133 


coenzyme A 


radioactive carbon in 


Miller. lopper 


and 


effect, Singer and Morrison, 


E 
Embryo: (Cytochrome oxidase 
Young, 
Enzyme(s): (o-. 
2,4-Diketo acids, hydrolysis, 


Levy and 

See Coenzyme 

Metster 


and Greenstein. 573 


Liver acetate condensation to aceto- 
acetate. Soodak and Lipmann, 

Microprocedure, Chargaff and Kream, 

995 

Mycobhacteria, streptomycin effect, 

Fitzgerald, Bernheim, and Futz- 

gerald, | 195 

Peptide hydrolysis, l’rice and Green- 

stein 
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Enzyme(s)—continued: 
Respiratory, tissue, 
Potter, LePage, and Klug, 619 
Tryptophan synthesis, Neurospora 
mutant, effect, Mitchell and Lein, 
48] 
See also Acetylesterase, Adenylpyro- 
phosphatase, Anhydrase, Carboxy- 
peptidase, Deaminase, Dehydrogen- 
Dehvdropeptidase, Esterase, 
Myosin, Oxidase, Peptidase, Phos- 
phatase, Phosphoglucomutase, Phos- 
phorylase 
Epiallocholesterol: Synthesis, 
nis and Gaffney, 
Erythrocyte: See Blood cell, red 
Esterase: Acetyl-, diisopropyl! fluoro- 
phosphate and tetraethyl pyrophos- 
phate effect, Jansen, Nutting, and 
Balls, 975 
Activity, carboxypeptidase, Snoke, 
Schwert, and Neurath, 7 
Etiocholan-3(a)-ol-17-one: Liver com- 
pounds, effect, Schneider and Mason, 


determination, 


Asc, 


Me Ken- 
217 


231 

F 
Fat(s): Body, trienoic fatty acids, dep- 
osition, Beadle, Wilder, and Kray- 
bill, 


Soluble materials, blood plasma, bio- 
tin relation, chemical constitution, 
Axelrod, Mitz, and Hofmann, 265 

Fatty acid(s): ‘Trienoic, deposition, body 


fat, Beadle, Wilder, and Kraybill, 
22 
Fetus: (ell aminoacids and growth, rela- 


tion, Christensen and Streicher, G5 
(‘entral nervous system, carbonic an- 
hydrase, Ashby and Butler, $25 
Fibrin: Dye binding, pH, dye, and salt 
effect, Singer and Morrison, 133 
Fluorophosphate: Diisopropyl, acetyl- 
effect, Nutting, 


esterase. Jansen. 


and Balls, O75 

G 
Glucose: p-, dehydrogenase, carrier sys- 
tems, Kichel and Wainio, 155 
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Glutamic acid: Absorption. 
Magnes, Schwerin. and Waelsch 
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Glutamic acid—continued: 
4-Aminopteroyl-, effect, Oleson, Hutch- 
ings, and SubbaRow, 359 
Glutamine: Absorption, Bessman, Mag- 
nes, Schwerin, and Waelsch, S17 
Glycerophosphoric acid: I¢sters, hydroly- 
sis, migration, Baer and Kates, = 79 
Glycerylphosphorylcholine: L-a-, hy- 
drolysis, chemical, Baer and Kates, 
79 
Glycine: Labeled, liver protein amino 
acid, relation, Winnick, Friedberg, 
and Greenberg, 117 
—, — — — acids, radioactive carbon 
distribution, relation, Winnick, Mor- 
ing-Claesson, and Greenberg, 127 
—,—-—-, normal and malignant, radio- 


active carbon, relation, Zamecnik, 
Frantz, Loftfield, and Stephenson, 
299 


Glycogenolysis: -Hypérglycemic factor, 
pancreas, Sutherland and de Duve, 
663 


Growth: Amino acids and. Christensen 


and Streicher, Q5 
Christensen, Rothwell, Sears, and 
Streicher, 10] 


Lactic acid bacteria, thymine desoxy- 
riboside effect, Snell, Kitay, and 
McNutt, 473 

Lactobacillus, thymidine effect, Wright, 
Skeggs, and Huff, 475 

Malaria parasite, metabolism, Ball, 
Mc Kee, Anfinsen, Cruz, and Geiman, 


547 
Microbial, lipides, effect, Axelrod, 
Mitz, and Hofmann, 265 


Guinea pig: Antistiffness factor, deter- 
mination, Christensen, Naff, Chelde 


lin, and Wulzen, 275 


H 


Heart: Metabolism in vitro. vitamin ef- 


fect, Olson, Pearson. Miller, and 
Stare, 
Olson, Miller, Topper, and Stare, 


503 
—, thiamine effect, Olson, Tearson, 
Miller, and Stare, 


489 
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Heart—continued: 

Suecinate metabolism, biotin effect, 
radioactive carbon in study, Olson, 
Miller, Topper, and Stare, 503 

Hepatectomy: Liver regeneration, amino 
acids, relation, Christensen, Rothwell, 
Sears, and Streicher, : 101 

Hexose: Cyclo-, d-inositol, chemical con- 
stitution, Wagasanik and Chargaff, 

929 

Homolanthionine: Sulfur metabolism, 
relation, Stekol and Weiss, 405 

Hydantoin: Isotopic carbon-containing, 
earboxyl-labeled tryptophan, syn- 
thesis from, Bond, 531 

Hydroxyanthranilic acid: 3-, niacin ex- 
cretion, effect, Albert, Scheer, and 


Deuel, 479 
—, nicotinamide relation, Mitchell, 
Nyc, and Owen, 433 


Hydroxycorticosterone: 17-, urine, iso- 
lation, Mason and Sprague, 451 
Hyperglycemia: -Gilycogenolytie factor, 
pancreas, Sutherland and de Duve, 


663 
Hypoglycemia: Alloxan, mechanism, 
Banerjee and Bhattacharya, 923 


Hypothyroidism: Carotene conversion to 
vitamin A, effect, Wiese, Mehl, and 


Deuel, 21 

I 
Immunity: Colostrum, relation, Smith 
and Holm, 349 


Inosamine(s): Synthesis, Carter, Clark, 
Lytle, and McCasland, 683 
Inositol: Amino analogues, synthesis, 
Carter, Clark, Lytle, and McCasland, 

683 

d-, cyclohexose from, chemical con- 
stitution, Magasanik and Chargaff, 


929 

Insect: Muscle, myosin and adenylpyro- 
phosphatase, Gilmour, 477 
Insulin: Thiocyanate ions, combination, 
Volkin, 675 


Intestine: Lymph, phosphatase, alkaline, 
Flock and Bollman, 439 
Iodine: Radioactive, biological materials, 
determination, Barry, 179 
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Iron: Milk, determination, Johnston, | Liver—continued: 
Gellman, and Strom, 343 Androsterone incubation with, com- 
Radioactive, biological material, de- pounds isolated, Schneider and Mason, 
termination, Vosburgh, Flexner, and 23] 
Cowie, 391 Desoxyribonucleic acid turnover, 
dietary protein effect, Campbell and 
J | Kosterlitz, 989 
Jervine: Chemical constitution, Jacobs | Ktiocholan -3 (a)-ol-17 -one incubation 
57 | with, compounds isolated, Schnetder 
and Mason, 23] 
K | I.xtract, partition, paper chromatog. 
Ketone bodies: Formation from tyro- | 


sine. Wetnhouse and Millington, Y95 
Kidney: Phosphatase, alkaline, re 
versible inactivation, Schales 
Mann, 
Kynurenic acid: Tryptophan 
sion, mechanism, 
Gullberg, 


and 
conver- 
Heideiberger, 
Morgan, and Lepkovusky, 
471 

Kynurenine: Tryptophan conversion, 
mechanism, Hetdelberger, Gullberg, 
Morgan, and Lepkovsky, 471 


L 


Lactic acid: Bacteria, growth, thymine 
desoxyriboside effect, Snell, Kitay, 
and McNutt, 473 

Lactobacillus: Growth, thymidine effect, 


Wright, Skeggs, and Huff, 475 
Lactobacillus casei: Pyridoxal deter- 
mination, use, Rabinowitz, Mondy, 
and Snell, 147 
Lactose: Fermentation, veast, mecha- 
nism, Rogosa, 413 


Lanthionine: Homo-, sulfur metabolism, 
relation, Stekol and Weiss, 405 
Leucine: behavior, non-aqueous sol- 
vents, Thomas and Niemann, — 241 

—, preparation, Thomas and Niemann, 


241 
Lipide(s): Microbial growth, _ effect, 
Axelrod, Mitz, and Hofmann. 265 


Nitrogenous constituents, chromatog- 
raphy, Chargaff, Levine, and Green, 
57 

Phospho-. See Phospholipide 
Liver: Acetate condensation to aceto 
acetate, enzymatic, Soodak and Lip- 
mann, 999 


Phospholipide turnover, dietary pro- 
tein effect, Campbell and Kosterlitz, 


Protein amino acid, labeled glycine 
relation, Winnich, Friedberg, and 
Greenbderg, 117 

— — acids, radioactive carbon dis- 
tribution, labeled glycine, relation, 
Winnick, Moring-Claesson, and 
Greenberg, 127 


~, normal and malignant, radioactive 
carbon, labeled piL-alanine and gly- 


eine, relation, Zamecnik, Frantz, 
Loftfield, and Stephenson, 299 


Regeneration, hepatectomy, cell amino 
acids, relation, Christensen, Rothwell, 


Sears, and Streicher, 10] 
Ribonucleic acid turnover, dietary 
protein effect, Campbell and 
Kosterlitz, QSY 


Testosterone metabolism, diphospho- 
pyridine nucleotide and citrate rela- 
tion, Sweat and Samuels. l 

See also Hepatectomy 

Lymph: Intestine, phosphatase, alkaline, 
Flock and Bollman, 439 
Lysine: Soy bean oil meal, heat effect, 
Evans and Butts, 15 


M 


Magnesium: Protoporphyrin, chloro- 
phyll precursor, Chlorella, Granick, 

333 

Malaria: Parasites, Ball, McKee, Anfin- 
sen, Cruz, and Geiman, 547 


-, growth and multiplication, metab- 
olism, Ball, McKee, Anfinsen, Cruz, 
and Geiman, 


547 


| Met 

Me 
| Me 
| 
Me 

| 


SUBJECTS 


Metabolism: ‘lissue, low oxygen tension 
in vitro, succinate effect, Furchgott 
and Shorr, 201 

Methyl 3(a)-hydroxy-12-keto- A’: 
cholenate: Related compounds and, 
hydrogenation, catalytic, Me Kenzie, 
Mattox, and Kendall, 249 

Methylnicotinamide: N'-, urine, tryp- 
tophan and vitamin’ B-deficient 
diets, effect, J/unqueira and Schwei- 
gert, 539 

Methylpentose(s): Colorreaction, Dische 
and Shettles, 595 

Determination, micro-, spectrophoto- 
metric, Dische and Shettles, 595 

Microorganism (s): Growth, lipides, ef- 

fect, Axelrod, Mitz, and Hofmann, 


265 
Milk: Iron, determination, Johnston, 
Gellman, and Strom, 343 
Mold: See also Neurospora 
Mung bean: See Bean 
Muscle: Heart, metabolism in vitro, 
vitamin effect, Olson, Pearson, 
Miller, and Stare, 489 
Olson, Miller, Topper, and Stare, 
503 
—, thiamine effect, Olson, Pearson, 
Miller, and Stare, {SO 


Insect, myosin and adenylpyrophos- 


phatase, Gilmour, 477 
Phosphorylase action, mechanism, 
Cohn and Cori, SY 
Succinate metabolism, biotin § effect, 
radioactive carbon in study, Olson, 
Miller, Topper, and Stare, 503 
Mutase: Phosphogluco-, isolation and 
properties, Najjar, 251 
Mycobacteria: I’nzyme, streptomycin 
effect, Fitzgerald, Bernheim, and 
Fitzgerald, 195 
Myosin: Insect muscle, Gilmour, 177 


N 
Naphthindan-2 ,3,4-trione hydrate: peri-, 
a-amino acid determination,  so- 
lutions, blood, and urine, use, 
Moubasher, 
Neurospora: Mutant, tryptophan syn- 
thesis, enzymatic, effect, Mitchell 
and Lein, 481 
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New-born: Immunity, colostrum rela- 
tion, Smith and Holm, 349 
Niacin: Excretion, 3-hydroxyanthanilic 
acid effect, Albert, Scheer, and Deuel, 


479 

Nicotinamide: 3-Hydroxyanthranilic 
acid, relation, Mitchell, Nyc, and 
Owen, 433 
N'-Methyl-, urine, tryptophan and 
vitamin b-deficient diets, effect, 
Junqueira and Schweigert, 535 


Nicotine: Blood, determination, spectro- 
photometric, Wolff, Hawkins, and 
Giles, $25 

Nicotinic acid: Tryptophan conversion, 
mechanism, Heidelberger, Gullberg, 
Morgan, and Lepkovsky, 471 

_ Urine, tryptophan and vitamin B- 
deficient diets, effect, J/unquetra and 
Schweigert, 535 

Nitrogenous constituents: Lipide, chro- 
matography, Chargaff, Levine, and 
Green, 67 

Nitrosotocopherol(s): Tocopherol de- 
termination, chemical, use, Quarfe, 

605 

Nucleic acid: Desoxyribo-, liver, turn- 
over, dietary protein effect, Campbell 
and Kosterlitz, 

Ribo-, liver, turnover, dietary protein 


effect, Campbell and Kosterlitz, 
| 989 
Nucleoside(s): Determination, paper 
chromatography, Hotchkiss, 315 


Nucleotide(s): Diphosphopyridine, tes- 
tosterone metabolism, liver, relation, 


Sweat and Samuels, I 
Pyridine, extinction coefficients, 

~ 
| Horecker and Kornberg, 385 


O 


Oil: Soy bean, meal, lysine, heat effect, 


Kvans and Butts, 15 
Oxalacetic acid: Oxidation, coupled 
phosphorylations, relation, Potter, 
LePage, and Klug, 619 


Oxidase: Cytochrome, embryo, Levy and 
Young, 73 


Oxygen: Consumption, brain,  2,4- 


dinitrophenol effect, Peiss and Field, 
49 


| 
| 
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Oxygen—continued: 
Low tension, in vitro, tissue respiration 
and metabolism, succinate effect, 
Furchgott and Shorr, 201 


Pp 

Pancreas: Hyperglycemic-glycogenolytic 
factor, Sutherland and de Duvre, 663 
Pantoic acid: a - Amino - 8.8 - dimethyl- 
y-hydroxybutyrie acid, precursor, 
Ackermann and Shive, S67 
Pantonine: Occurrerice, Ackermann and 
Kirby, 483 
Pantothenic acid: Tissue coenzyme A, 
effect, Olson and Kaplan, 515 

— pyruvate utilization, effect, Olson 


and Kaplan, 515 
Parasite(s): Malaria, Ball, McKee, 
Anfinsen, Cruz, and Geiman, 547 


—, growth and multiplication, metab- 
olism, Ball, Mchee, Anfinsen, Cruz, 


and Geiman, 
Penicillenic acid: pi-Benzyl-, crystal- 
line, Livermore, Carpenter, Holley, 
and du Vigneaud, 
Penicillin: Penzy!-, precursors, biologi- 
cal, Behrens, Corse, Jones, Mann, 
Soper, Van Abeele, and Chiang, 
75) 

Biosynthesis, Behrens. Corse, Jones. 
Mann, Soper, Van Abeele, and 
Chiang, 
Behrens. Corse. Jones. Kleiderer. 


Soper, Van Abeele, Larson. Sylvester, 
Haines, and Carter, 765 


Behre Corse. Huff, Jones. Soper, 


and Whitehead. 
Behrens. Corse. Edwards, Garrison, 
Jones, Soper, Van Abeele, and 


Whilehead, 793 

deuterophenylacet 
utilization, Behrens, Jones, 
AKletderer, Soper, Van Abeele, Larson, 
Sylvester, Haines, and Carter, 765 
Behrens, 


C'orse. 


Crystalline, biosynthetic, 


Corse, Edwards, Garrison, Jones. 

Soper, Van Abeele, and Whitehead, 

793 

(;, precursors, biological, Behrens, 
Corse, Jones, Mann, Soper, Van 

Abeele, and Chiang, 751 


| 
| 
| 


| 
| 
| 
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Penicillin—continued: 
Precursors, preparation and evaluation, 
Behrens, Corse, Huff, Jones, Soper, 


and Whitehead, 771 

Pentabromoacetone: Color reaction, 
Natelson, Pincus, and Lugovoy, 

745 

Pentose(s): Methyl-, color reaction, 

Dische and Shettles, 595 

determination, micro-, spectro- 

photometric, Dische and Shettles, 

595 


Peptidase: Carboxy-, activity, kinetics 
and inhibition, klkins-Kaufman and 


Neurath, 893 
, esterase activity, Snoke, Schwert, 
and Neurath, 7 


—, L-tryptophan peptide derivatives, 
effect, Smith, 39 
Dehydro-, I, nature, Greenstein, Price, 
and Leuthardt, 953 
Specificity, peptides containing 8- 
alanine, use in study, Hanson and 
Smith, §33 
Peptide(s): §8-Alanine-containing, pep- 


tidase specificity, use in study, 
Hanson and Smith, 833 
knzyme hydrolysis, Price and 
(Greenstein, 969 


L-Tryptophan derivatives, carboxypep- 

tidase effect, Smith, 39 
Phaseolus aureus: See bean, mung 

Phosphatase: Adenylpyro-, insect mus- 


cle, Gilmour, 477 
Alkaline, kidney, reversible inactiva- 
tion, Schales and Mann, 487 

|ymph, intestinal, Flock and 
Bollman, 439 
Phosphoglucomutase: Isolation and prop- 
erties, .Vajjar, 281 
Phospholipide(s): Absorption, Artom 
and Swanson, 871 


Liver, turnover, dietary protein effect, 


Campbell and Kosterlitz, 989 
Phosphoric acid: Glycero-. See Gly- 
cerophosphorie acid 
Phosphorylase: Muscle, action, mech- 
anism, Cohn and Cori, SY 


Potato, action, mechanism, Cohn and 
89 


Cort, 


Phe 


Poi 


Po! 


Po 


| 
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Phosphorylation: ('oupled, oxalacetic 


acid oxidation’ relation, Potter, 
LePage, and Klug, 619 
Pork: Amino acids, heat effect. Beuk, 
Chornock, and Rice, 29) 


Porphyrin: Proto-, magnesium, chloro- 
phyll precursor, Chlorella, Granick, 


333 
Potato: Phosphorylase action, mech- 
anism, Cohn and Cort, SO 


Propionic acid: a,a-Di(glycylamino)-, 
derivatives, Greenstein and Price, 

963 

Protein(s): Amino acid excretion, effect, 

Sauberlich, Pearce, and Baumann, 

29 

-Depleted tissue, protein hydrolysates, 

assay, frost and Sandy, 635 

Dietary, liver desoxyribonucleie acid 

turnover, effect, Campbell and 


Kosterlitz, OSU 
—, phospholipide turnover, effect, 
Campbell and Kosterlitz, 989 

, ~~ ribonucleic acid turnover, effect, 
Campbell and Koster/itz, 989 
Hydrolysates, acid, Frost and Sandy, 
635 

assay, protein-depleted tissue, 
Frost and Sandy 635 
Liver, amino acid, labeled glycine rela- 
tion, Wannick, Friedberg, and 
Greenberg, 


acids, radioactive carbon dis- 
tribution, labeled glycine, relation, 
Winnick, Moring-Claesson, and 
Greenbe rd, 127 
~, normal and malignant, radioactive 
carbon, labeled pui-alanine and gly- 
cine, relation, Zamecnik, Frantz, 


Loftfield, and Stephenson, 299 
Prothrombin: Blood, Quick and Stefan in R 
O45 

Protoporphyrin: \lagnesium, chloro- 
phyll precursor, Chlorella, Granick, 
333 

Purine(s): Determination, paper chro- 
matography, Hotchkiss, 315 


Pyridine nucleotide(s): Extinction co 
efficients, Horecker and Kornherg, 
385 


Pyridoxal: Determination, Lactobacillus 
casei use, Rabinowitz, Mondy, and 


Snell, 147 
Pyrimidine (s): Determination, paper 
chromatography, Hotchkiss, 315 
Pyruvate: Utilization, pantothenic acid 
effect, Olson and Kaplan, 515 


Q 


Quercitol: d-, oxidation, Acetobacter sub- 
oxydans, Magasanik and Chargaff, 
939 


R 


Respiration: Tissue, low oxygen tension 
in vitro, succinate effect, Furchgott 
and Shorr, 201 

Respiratory enzyme(s): Tissue, deter- 
mination, Potter, LePage, and Klug, 

619 

Riboflavin: Glood cells, determination, 

micro-, Burch, Bessey, and Lowry, 


457 
serum, determination, micro-, 
Burch, Bessey, and Lowry, 457 


Derivatives, natural, blood serum and 
blood cells, determination, micro-, 
Burch, Bessey, and Lowry, 457 

Urine, determination, De Ritter, 
Moore, Hirschberg, and Rubin, 883 

Ribonucleic acid: Liver, turnover, die- 
tary protein effect, Campbell and 
Kosterlitz, 989 

Riboside: Thymine desoxy-, lactic acid 
bacteria, growth, effect, Snell, Kitay, 
and McNutt, 473 


S 


Soy bean: See Bean 
Staphylococcus: Antitoxin, solu- 
tions, pli and other factors, effect, 


Wright and Schomaker, 169 
Steroid(s): Bile acids, McKenzie, Mat- 
tor, and Kendall, 249 
Metabolism, intermediary, Schneider 
and Mason, 231 
Streptomycin: Wycobacteria enzyme, 


effect, Fitzgerald, Bernheim, and 
Fitzgerald, 195 


| | 
| | 

| 
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| 
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Streptomycin—continued: 


Tissue, determination, chemical, 
Jelinek and Borer, 367 
Urine, determination, chemical, 
Jelinek and Borer, 307 
Succinate: Metabolism, heart, biotin 
effect, isotopic carbon in study, 
Olson Mille J oppe and Stare 
IOS 
Tissue respiration and metabolism, low 
oxygen tension in itro, effect, 
Furchgott and Shorr 9] 


Sugars Reducing, chromatography, 
Chargaff, Levine, 
Sulfur: -Containing 


matogiaphy, Chargaff, Levine, and 


and Green. 67 


amino acids, chro 


Green, 
Metabolism, homolanthionine relation, 
Stekol and Weiss. 15 

T 
Testosterone: Metabolism, liver, di- 
phosphopyridine nucleotide and 


citrate relation. Siweat and Samuels, 


l 


Tetraethy!l pyrophosphate: Acety! 
esterase, effect, Jansen, Nutting, 
and Balls, 975 

Thiamine: Hleart metabolism, effect, 


Olson, Pearson, Miller, and Stare, 
{SG 

Thiocyanate: fons, insulin combination, 
Volkin, 675 


Thiouracil: Carotene conversion to vita- 
min A, relation, Aelley and Day, 
S63 

Thrombin: Pro-. See Prothrombin 
Thymidine: Lactobacillus growth, effect, 
Wright, Skeggs, and Huff, 475 
Vitamin By relation, Wright, Skeggs, 


and Huff, 475 
Thymine desoxyriboside: Lactic acid 
bacteria, growth, effect, Snell, 
Kitay, and McNutt, 473 


Thyroid: See also Hypothyroidism 
carotene utilization, 


Tocopherol (s): a-, 
effect, Johnson and Baumann, S11 
Determination, chemical, nitrosoto- 
copherol use, Quacfe, 605 
Nitroso-, tocopherol determination, 
chemical, use, Quazfe, 605 


INDEX 

Tricarboxylic acid: Cycle, Azotobacter 
agilis, Karlsson and Baker, 913 
Tryptophan: ('arboxyl-labeled, synthe. 

sis, hydantoin containing  isotopie 
carbon, relation, Bond, 531 
Kynureme acid, conversion, mech. 
Heidethe rger, Crullherg, 

Morgan, and Lepko sky, 


Kynurenine, conversion, mechanism 
Heidetherger, Gullberg, Morgan, and 
47) 
L-, peptide derivatives, carboxypepti- 
dase etfect., Smith, 34 


Leph ovesl 


Nicotinie acid, conversion, mechanism. 


He idelberge Gullberg. Vorgan, and 


Lepkovsky, 17] 
Synthesis, enzyme, \Veurospora mu- 
tant, effeet, Witehell and Lein, 
1S] 


| Urine nicotinic acid and N?!-methyl- 
nicotinamide, effect, Junqueira and 


Schweigert, O39 
Tyrosine: hetone body formation, 
| Weinhouse and Millington, 995 


U 


Uracil: Thio., eonversion to 
vitamin A. relation, Kelley and Day, 


earotene 


863 

Uranium: Bone, Newman, Newman, and 
Mulryan, 705 
Neuman and Neuman, 71) 

| Neuman, Neuman, Main, and 
Mulryan, 719 

diet effeet, Newman. Newman. 

Main, and Mulryan, 715 
radioautographic studies, Vewman 

and Neuman, 711 

| Lrine citrate, effeet, Haven and 
Randall, 730 


Urea: Staphylococcus antifoxin, pli and 


other factors, effect, Wright and 
Schomaker, 169 
Uric acid: Iixcretion, Dalmatian dog, 
Friedman and Byers, 727 


Urine: Amino acids, Sheffner, Airsner, 


and Palmer, 


LO7 
a-Amino aeids, determination. pert- 
naphthindan-2,3,4-trione 


use, Mouhasher, 


hydrate 


Va 


ee | Ci 
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Urine—continued: 

Citrate, uranium effect, Haven and 
Randall, 737 

17-Hydroxycorticosterone isolation, 
Mason and Sprague, 451 

N}-Methy! nicotinamide excretion, 


tryptophan and vitamin b-deficient 
diets, effect, Junquetra and 
Schweigert, 535 
Nicotinic acid excretion, tryptophan 
and vitamin b-deficient diets, effect, 


Junquetra and Schweigert, 530 
Riboflavin determination, De 

Moore, Hirschberg, and Rubin, 
SS3 


Streptomycin determination, chemical, 
Jelinek and Borer, 367 


V 


Valine: Deuterophenylacetyl - 
penicillin biosynthesis, utilization, 
Behrens, Jones, Kleiderer, 
Soper, Van Abeele, Larson, Sylvester, 
Haines, and Carter, 765 

Veratrine: Alkaloids, Jacobs and Sato, 

57 


Corse, 


1021 


| Vitamin(s): A, carotene conversion, hy- 


pothyroidism, effect, Wiese, Mehl, 


and Deuel, 21 
——, — —, thiouracil relation, Kelley 
and Day, 863 
-, dicumarol relation, Quick and 
Stefanini, 945 


13, urine nicotinie acid and N!-methyl- 
nicotinamide, effect, Junqueitra and 


Schweigert, 535 
Bo. See also Riboflavin 

Bs, Rabinowilz, Mondy, and Snell, 

147 

Bw, thymidine” relation, Wright, 

Skeggs, and Huff, 475 

Heart metabolism in vitro, effect, 

Olson, Pearson, Miller, and Stare, 

489 

Olson, Miller, Topper, and Stare, 

503. 

K, determination, Quick and Stefa- 

nini, 945 

-——, dicumarol relation, Quick and 

Stefanini, 945 

Y 
Yeast: Lactose fermentation, mech- 
anism, Rogosa, 413 
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